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UK, Birmingham, UK
10

Microbiology and Food Safety CoE,
Cargill Deutschland GmbH, Krefeld,
Germany

11

Laboratory of Food Microbiology,
Wageningen University, Wageningen, The
Netherlands
Correspondence
Heidy M. W. den Besten, Laboratory of
Food Microbiology, Wageningen University, PO Box 17, 6700 AA Wageningen, The
Netherlands.
Email: heidy.denbesten@wur.nl; publications@ilsieurope.be

Roy Betts4
Linda J. Harris8

Abstract
Food manufacturers are required to obtain scientific and technical evidence that
a control measure or combination of control measures is capable of reducing a
significant hazard to an acceptable level that does not pose a public health risk
under normal conditions of distribution and storage. A validation study provides
evidence that a control measure is capable of controlling the identified hazard
under a worst-case scenario for process and product parameters tested. It also
defines the critical parameters that must be controlled, monitored, and verified
during processing. This review document is intended as guidance for the food
industry to support appropriate validation studies, and aims to limit methodological discrepancies in validation studies that can occur among food safety professionals, consultants, and third-party laboratories. The document describes product and process factors that are essential when designing a validation study, and
gives selection criteria for identifying an appropriate target pathogen or surrogate organism for a food product and process validation. Guidance is provided
for approaches to evaluate available microbiological data for the target pathogen
or surrogate organism in the product type of interest that can serve as part of
the weight of evidence to support a validation study. The document intends
to help food manufacturers, processors, and food safety professionals to better
understand, plan, and perform validation studies by offering an overview of the
choices and key technical elements of a validation plan, the necessary preparations including assembling the validation team and establishing prerequisite
programs, and the elements of a validation report.
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INTRODUCTION

Foodborne illnesses due to consumption of foods contaminated with foodborne pathogens pose a significant public
health problem (WHO, 2015). Food companies are responsible for developing and implementing food safety programs that are effective in controlling hazards that comply with current food safety regulations. A process treatment or combination of treatments should be used to
reduce food safety hazards to a level that is not likely to
present a health risk under normal conditions of distribution and storage (Codex Alimentarius Commission, 2008;
FDA, 2015b).
Various technologies are used in the food industry to
mitigate or reduce microbiological hazards. Food manufacturers are usually required to obtain scientific evidence
that a control measure or combination of control measures
is capable of controlling a hazard to a specified outcome
and this should be documented in the food safety plan
(ISO, 2018; FDA, 2015b). A validation study provides scientific and technical data to determine whether control
measures are capable of controlling the identified hazards.
Government compliance guidelines, scientific literature,
mathematical models, scientific data from validation studies including laboratory and in-plant trials, safe harbors,
or any combination of these approaches can be used as
supporting documents for the food safety plan (Codex Alimentarius Commission, 2008). Validation is usually performed when a food safety plan is first designed, and again
when significant changes to product or process parameters are planned or when equipment has been modified.
Less frequently, validation is also required when a new target organism is identified or new target log-reduction is
required, or when there is a system failure resulting in process deviations that cannot be identified (FDA, 2015b).
Validation is not a new concept to the food processing
industry. When hazard analysis and critical control points
(HACCP) was introduced in 1969, the term “validation”
was adopted and also included in the first Codex document
on HACCP principles (Codex Alimentarius Commission,
1997). However, it was not before 2008 that a Codex guideline on validation of control measures was published to
lay down general principles and approaches to validations
(Codex Alimentarius Commission, 2008). In that guideline, it is clearly stated that the “industry is responsible
for validation of control measures”; government and international organizations can also perform validation studies in support of especially small and medium-sized businesses. That Codex document presents information on the
context and nature of validation, tasks prior to validation,
the validation process, as well as the need for revalidation. Most recently, in 2015, the United States Food and
Drug Administration published the Current Good Manu-

facturing Practice, Hazard Analysis, and Risk-Based Preventive Control for Human Food, final rule, which focuses
on preventing and controlling contamination of the food
supply (FDA, 2015b). ISO 22000:2018 Food Safety Management Systems-Requirements for Any Organization in the
Food Chain, issued in 2005 and revised in 2018, requires
that prior to the implementation of an organization’s food
safety management system, each operational prerequisite
program and critical control point (CCP) must be validated
to determine if it is capable of achieving the intended control of the identified hazards (ISO, 2018). Food facilities are
required to implement and document that preventive controls for known or reasonably foreseeable hazards are validated and verified.
Over the years, a number of regulations, guidelines, and
reviews on validation and inoculated pack studies have
been published (ABC, 2014; FAO/WHO, 2008; GMA, 2016;
NACMCF, 2010; Scott et al., 2005). Although these are
invaluable publications, they either refer to a specific commodity or process or provide generic guidelines. Furthermore, none of these has summarized different approaches
in a practical and detailed way that would allow a broad
range of food manufacturers a critical review of validation
proposals and approaches. Only a few of the product types
and food processes have established guidelines over time
by consensus or regulation, and are recognized as so-called
“safe harbors” such as processes that achieve a 12 decimal (12D) reduction of Clostridium botulinum in low-acid
canned food (EFSA, 2005b; FDA, 2019; Tucker, 2008), some
methods of almond pasteurization (ABC, 2007a, 2007c),
and milk pasteurization (Codex Alimentarius Commission, 2009a; USPHS/FDA, 2017). However, there are many
control measures used in food production, for which such
safe harbors have not been established. This document is
intended to help food manufacturers, processors, and food
safety professionals to better understand, plan, and perform validation studies while considering all relevant factors and choosing the most suitable for the purpose.
To minimize the methodological discrepancies in the
food industry and provide a comprehensive approach to
perform a validation study, the International Life Sciences
Institute (ILSI) Europe launched an initiative to develop
a process validation guidance for control of foodborne
pathogens in foods. This guidance is intended to provide
a reference for the food industry to validate the effectiveness of process controls within their food safety plans. The
objective of this initiative was to develop practical and
easy-to-use protocols for validation studies to control foodborne pathogens in various food matrices during processing and manufacturing. Pathogen inactivation by product formulation during manufacturing and storage is also
covered. Spoilage microorganisms and related issues are
not included in the scope of this document, but the same
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principles described may be applied for effective control.
The aims of this guidance are to:
1. Outline experimental designs to validate control measures;
2. Identify target pathogens for products and processes;
3. Identify surrogate organisms that are appropriate for
the target pathogen and process and the circumstances,
where surrogates are appropriate for in-plant validation
studies;
4. Explain the necessary steps and considerations to successfully validate a process control for its intended purpose, for example, worst-case scenario applications,
cold-spot determination, and acceptance criteria;
5. Determine gaps and constraints to successfully validate
a process control; and
6. Use relevant examples (e.g., processing techniques, critical parameters, different food matrices) to highlight
points of importance to consider and pitfalls to avoid.
The objective of this document is to improve the overall understanding of validation processes in practice and
help to establish an industry-wide standard protocol to validate the CCPs and preventive control measures in HACCP
and food safety plans covering a wide range of food products. It is important to complete certain tasks in advance
of performing an effective validation study. These tasks are
outlined in the Codex document on validation (Codex Alimentarius Commission, 2008). Reference is made to application of HACCP principles, where significant hazards, as
well as control measures and respective critical limits, are
identified. Therefore, the application of HACCP principles
is considered a prerequisite to designing an effective validation study, and food companies are expected to have a
food safety plan, food safety team, and preventive controls
qualified individuals (PCQI) or process authority. In the
design phase of a validation study, several factors need to
be considered related to the process (Section 2.1), the product (Section 2.2), and the target pathogen (Section 3). The
decision tree in Figure 1 can be used in determining when
and which validation study approach is most applicable.
There is a great interest in the food industry to perform validations in a manner that would be accepted by all
parties involved, for example, authorities and customers.
Currently, process validation studies are performed based
on individual knowledge and so depend on the knowledge and experience of the persons involved. In small
and medium-sized businesses, such studies are often outsourced to third parties that may not have sufficient understanding of the process or the hazard(s) that need to
be controlled. Thus, the results and conclusions derived
from such studies may be compromised when not performed correctly and the data generated may not be valid
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for the intended purpose. The process validation protocol
described in this document will allow the food industry
to accurately design and execute process validation studies. Small and medium-sized businesses that have fewer
resources may find this document particularly useful. This
document offers a standard approach to the food industry
with established methodology and acceptance criteria, and
shortcomings and pitfalls are discussed to support appropriate validation studies. The document also aims to eliminate or reduce the variation issues that can occur among
food safety professionals, consultants, and third-party laboratories when validation studies are conducted.

2
PROCESS AND PRODUCT
PARAMETERS TO CONSIDER FOR
DESIGNING A PATHOGEN
INACTIVATION STUDY
Both the process and product design determine pathogen
inactivation efficacy. Different processes have different
effects on product parameters and pathogen inactivation.
The success and reliability of a validation study depends on
understanding the process mechanisms and product characteristics that influence pathogen inactivation. The following section provides detailed information on processand product-related factors, which need to be considered
in the design of such a validation study. Validation studies
are specific for a given process and product, and should not
be extrapolated to other products or processes with different characteristics.

2.1
Factors to consider related to the
process
The process flow and steps should be reviewed and discussed in detail to understand what happens at each step in
the process. That in return will lead to identification of the
most suitable process step(s) to be used for control of the
hazard(s) identified. For all control steps, it is necessary to
understand the working principle to be able to determine
the underlying critical parameters to monitor, as well as
the weakest point of the treatment. In some cases, there
are processes with a series of steps, which can help reduce
the hazard, but in others there might be one, which is
most suitable. One example is a series of heat treatments,
where only one involves moisture (water or steam), and all
others are dry. In the case of bacterial pathogens, increased
moisture facilitates the lethal effect and, therefore, one
might be able to choose the step with added moisture as
control step if this single step is able to achieve the target
pathogen reduction. The following main points should be
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Identify control measure or
combination of control measures

Do safe harbors exist?

Use reference safe harbors in
HACCP/food safety plan; ensure
correct implementation of control
measures

Yes

No

Have parameters on the exact
same product and process been
found in literature?

Yes

Reference literature in HACCP/Food
Safety Plan; ensure correct implementation
of control measures

Yes

Perform validation study at the laboratory;
ensure correct implementation of control
measures

Yes

Perform validation study in the pilot plant;
ensure correct implementation of control
measures in processing facility

No

Is it possible to mimic the production
process on a laboratory scale?

No

Is it possible to mimic the production
process on a pilot scale?

No

Perform in plant validation study
using surrogates

FIGURE 1

Decision tree to support the decision of when and which validation study approach is most applicable

considered when looking at the process flow or process
steps:
1. Understand the principle of action at each step (e.g.,
heat, pressure, electrochemical treatment);
2. Identify the steps that are most effective or most likely
to control the hazard in the process and over shelf life
of the product;
3. Evaluate potential for recontamination after the control step. Recontamination should be prevented after
the control measure. Treating the product in the final
package avoids this concern but is not always feasible;
4. Evaluate the potential for growth of the pathogen of
concern in the product—would the hazard potentially
increase during processing or at a later stage? What happens during transport when semifinished materials are
shipped between sites?

2.1.1

Thermal interventions

Thermal treatments are widely used within the food industry and have an excellent reputation of being an effective means to reduce the microbial load of a product.
Although it has long been known that thermal inactivation
of microorganisms is associated with irreversible denaturation of several components of the cell (e.g., membrane,
ribosomes, enzymes, nucleic acids), the pattern of such
changes inducing cell death was only investigated in the
last 35 years. For example, it has been shown by differential scanning calorimetry that ribosomes of Escherichia
coli have greater thermal stability than those of Lactobacillus plantarum, resulting in higher thermal tolerance
of E. coli (Lee & Kaletunç, 2002). There are very different methods available to deliver thermal damage to
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microorganisms. Thermal damage is not caused by reaching certain temperatures in equipment or the environment,
but by these temperatures causing heat transfer to products. In that context, it is important to consider particular
features of these methods in validations. Traditional thermal treatments transfer heat by conduction (solid material) or convection (liquid or gas) via molecular collision. Other thermal technologies such as microwave ovens
use dipolar molecular oscillations, where microwaves are
known to interact with oven cavity, food, and packaging, and even heating can be difficult to achieve. One of
the reasons is the low intrusion depth of the heat, therefore microwaves are preferably used for liquids or products of low depths (Dehne et al., 2000). Another technology in use is radio frequency, which uses friction created
by molecular movements of ions and dipolar molecules.
That movement is created by passing materials through
an alternating electric field between two electrodes. Due
to its higher penetration depth, radio frequency is suitable
for bulk treatments, and also shortens treatments compared to conventional heating, where heat needs to penetrate from outside to inside of materials. Radio frequency
heating is influenced by many factors, such as dielectric
properties of materials (where moisture is a major contributing factor) and electrode set ups (electrode gaps, voltages) (Chen & Subbiah, 2019). Other technologies, such as
ohmic heating, heat materials by direct electrical excitation, where excitation energy is proportional to electrical
resistance, that is, it depends on electrical conductivity of
the food to be heated. If that food has components with
differing electrical conductivity, for example, oil droplets
in emulsions, these components would be heated at different rates. In order to minimize the heterogeneity of the
heating, product formulations and pretreatments should
be carefully designed. In addition to heating, ohmic heating causes electroporation of cell membranes, and some
studies have shown that lower temperatures are required
for the same inactivation effect compared to conventional
heat treatments (Knirsch et al., 2010).

2.1.2

Nonthermal interventions

Nonthermal treatments can also be applied to reduce biological hazards. The benefits of nonthermal treatments
lie in achieving target pathogen reduction without heatinduced color and sensory changes or destruction of heatsensitive food ingredients such as vitamins and polyphenols. In Table 1, a range of nonthermal technologies are
compiled, and important aspects to consider for validations are outlined such as critical parameters for application, examples of current applications, primary microbial
targets with mechanisms of actions, intrinsic and extrin-
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sic parameters, and limitations of the respective technologies. Suitable target organisms are listed, which can be
used as a starting point when looking at defined treatments or process steps and relevant target microorganisms.
Table 2 gives an overview of several chemical treatments or
processing aids and current food applications, and mentions limitations of the treatments (e.g., toxicity, limited
efficacy). Each processor must evaluate the target product and process to ensure that the appropriate pathogens
are identified. Tables 1 and 2 provide useful information
on critical parameters of nonthermal processing technologies such as the electric field strength distribution in pulsed
electric field (PEF) applications, the concentrations or flow
rate of chemicals or gases for cold plasma and ethylene
oxide treatments, the wavelengths for ultraviolet (UV) light
applications, the pressure temperature and time for high
pressure processing (HPP), or the equal distribution of
radiation throughout product.
One potential issue with nonthermal treatments is the
development of the so-called viable but nonculturable
(VBNC) state of bacteria, in which they remain viable and
retain an ability to grow under some conditions, but do not
grow on culture media and would go undetected in routine
tests. For instance, during chlorine washing, it has been
reported that bacteria can enter the VBNC stage, and some
species are shown to be still infective (Highmore et al.,
2018). Therefore, caution should be employed in interpretation of the results of treatments that may allow for such
adaptations. Currently there are no routine methods available to determine bacterial counts in the VBNC state. Further research is required to be able to evaluate the significance of VBNC in validation studies.

2.1.3

Process and underlying considerations

When designing a validation study, it is of utmost importance to have sufficient understanding of the process steps
to be validated. The following should be considered in that
context: (i) detailed knowledge of the equipment itself;
(ii) technical drawings and manufacturer information; (iii)
mode of action; (iv) process capability and variability, and
(v) worst-case conditions during processing (e.g., shortest time, lowest temperature, highest throughput, coldest
product initial temperature upon entry to equipment, and
the variability in all of these parameters). Often it is useful to contact the equipment manufacturer to gain a thorough understanding of the mode of action, thresholds, and
the variabilities within the equipment. Based on equipment information, critical process parameters that drive
the lethal effect can be defined, controlled, and measured.
These critical parameters should define equipment “weak
spots” where the lethal effect would be lowest. Examples

Parameters

Pressure,
temperature,
time

Electric field
strength, time,
pulse shape,
pulse width,
frequency,
temperature

High pressure
processing
(HPP)

Pulsed electric
field (PEF)

(Food) Applications

Considerations

Limitations

References

∙ Vegetative bacteria, fungi ∙ Pumpable solid foods
∙ Membrane
and liquids, batch and
continuous processes
permeabilization
∙ 5 to 80 kV/cm

(Continues)

Aouzelleg, 2016; Barba
∙ Effect of pH depends on
∙ Higher costs than heat
et al., 2017; Chemat et al.,
organism
treatment
2017; Hirneisen et al.,
∙ Gram-positive organisms more ∙ High conductivity
2010; Timmermans et al.,
resistant at neutral pH, in
decreases microbial
2014; Toepfl et al., 2014;
acidic conditions.
inactivation. A degassing
Wouters
et al., 2001
Gram-negative organisms
phase before treatment is
more resistant. Little research
necessary if the product
conducted on viruses
contains bubbles
∙ Requires additional factors for ∙ Nonhomogeneous effects
control of bacterial spores, for
in products with uneven
example, low pH, and/or low
dielectric properties
aw and/or refrigeration
temperatures
∙ Higher temperature causes a
higher inactivation. In
combination with
temperature, effective against
spores

Aouzelleg, 2016; Barba
∙ Vegetative bacteria,
∙ Solids and liquids, batch ∙ Lower aw protects cells, and
∙ Higher cost than heat
et al., 2017; Garriga et al.,
fungi, viruses
and continuous
low pH enhances inactivation
treatment
2004; Hirneisen et al.,
∙ Membrane damage,
∙ Effective at ambient, cooling, ∙ Difficult operation
processes
2010; Lado and Yousef,
∙ 100 to 1000 MPa
∙ The aw of the low-aw
protein denaturation,
and freezing temperatures
2002; Potter et al., 2017;
∙ Exponentially growing cells
decrease intracellular pH
foods needs to be
Shigehisa et al., 1991;
increased before
more sensitive than stationary
Smelt, 1998; Syed et al.,
treatment and
phase cells, cocci more
2016;
Yuan et al., 2017
consequently lowered by
resistant than rods,
a drying step after
Gram-positive organisms more
treatment
resistant than Gram-negative.
Some viruses highly resistant
∙ Bacterial spore
resistance (>1000 MPa).
Assists thermal inactivation of
spores by rapid adiabatic
heating, or requires additional
factors for control of bacterial
spores, for example, low pH,
and/or low aw and/or
refrigeration temperatures

Microbial target and
mode of action

Nonthermal processing techniques

Processing
technique

TA B L E 1

2830
VALIDATION OF LETHAL CONTROL MEASURES. . .

Ionizing radiation ∙ Vegetative bacteria,
energy, dose rate
spores, fungi, parasites,
viruses
∙ Damage of DNA and
other cellular macro
molecules

E-beam

∙ Vegetative bacteria,
spores, fungi, viruses,
biofilms
∙ Reactive species of
plasma cause cellular
changes

Microbial target and
mode of action

Gas composition,
gas flow,
electrical input
(voltage,
frequency,
power), time

Parameters

(Continued)

Cold plasma

Processing
technique

TA B L E 1
Limitations

References

Coughlan et al., 2016;
∙ Low pH enhances inactivation ∙ Effect on food quality
Coutinho et al., 2018;
∙ Gram-positive organisms more
must be determined
Guo et al., 2015; Ikawa
resistant than Gram-negative ∙ Emerging technology,
et al., 2010; Misra et al.,
costs/scale up not
organisms, stationary phase
2011; Niemira, 2012
specified. Technology
cells more resistant than
not currently available
exponential cells, spores more
on the market for food
resistant than vegetative cells
processing
∙ Additional safety
measures needed at high
voltages
∙ Difficult to control the
reactions due to varying
moisture levels, and with
application with bulky
and irregular foods

Considerations

(Continues)

Bearth and Siegrist, 2019;
∙ Limited to surfaces
∙ pH, chemical composition
∙ Limited penetration
Koutchma et al., 2018;
∙ Maximum allowable
affect resistance
depth
Lado and Yousef, 2002;
∙ Consumer acceptability
dose ranges from 0.3 to ∙ Cells are more resistant at
Maherani et al., 2016;
60 kGy for food and
freezing temperature
as labeling is mandatory
Mathys et al., 2019; Pillai
∙ Spores more resistant than
packaging materials in
in most countries
and
Bhatia, 2018; Pillai
∙
the United States, from 2
vegetative bacteria, Few
Not yet allowed for all
and Shayanfar, 2017;
to 10 kGy in the EU
studies on effect on viruses
food commodities in all
Predmore et al., 2015;
∙ Depending on the kinetic
countries
Tahergorabi et al., 2012
energy of the electrons, an
electron beam could be
distinguished either as a high(HEEB; >300 keV) or a
low-energy electron beam
(LEEB; ≤300 keV)

∙ Limited to surface
treatment and liquids
∙ Compatible with most
packaging and MAP

(Food) Applications
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Microbial target and
mode of action

∙ Vegetative bacteria,
spores, fungi, parasites
viruses
∙ Damage of DNA, cell
disruption

Broad spectrum
ultraviolet
wavelength,
dose, pulse
frequency

Power, time,
frequency

High-intensity
light pulses

Ultrasound
∙ Vegetative bacteria
∙ Disrupting cells by
cavitation and enzyme
denaturation

∙ Vegetative bacteria,
spores, fungi, parasites,
viruses
∙ Damage of DNA

Ionizing radiation ∙ Vegetative bacteria
energy, dose rate
spores, fungi, parasites
viruses
∙ Damage of DNA and
other cellular macro
molecules

Parameters

(Continued)

Ultraviolet light Wavelengthdose

Gamma
irradiation

Processing
technique

TA B L E 1
Considerations

Limitations

References

∙ Liquids
∙ 20 kHz to 10 MHz

∙ Limited to surfaces and
liquids

∙ Penetration in food is
limited

Elmnasser et al., 2007;
Heinrich et al., 2016

(Continues)

∙ Smaller cells and cocci more ∙ Inconclusive effectivity Barba et al., 2017; Char
et al., 2010; Chemat et al.,
resistant than larger cells and
when applied as
2011; Piyasena et al.,
bacilli, Gram-positive
treatment alone
2003; USDA, 2000
organisms more resistant than ∙ Some foods have
Gram-negative
protective effects against
microbes

∙ Bacterial spores are more
resistant than vegetative cells

∙ Limited to surfaces, and ∙ Bacterial spores are more
∙ Lethality in media with a Barba et al., 2017; Char
et al., 2010; Gayán et al.,
liquids
resistant than vegetative cells,
high absorption
2014; Hirneisen et al.,
∙ 0.5 to 20 J/m2
double-stranded viruses more
coefficient and turbidity
2010; Lado and Yousef,
∙ 200 to 400 nm
resistant than single-stranded
is limited
2002; Sauer and Moraru,
∙ Shading effects of
viruses
2009; Soni et al., 2016
particles present in
nonclear samples.
Absorption, reflection,
scattering of light by the
substance being treated
can have an effect with
products that absorb
light reducing the
amount acting on
microbial cells

Goodburn and Wallace,
∙ Radioactive isotypes
∙ pH, chemical composition
∙ Solid and liquid food
2013; Hirneisen et al.,
∙ Maximum allowable
used
affects resistance
2010; Koutchma et al.,
∙ Consumer acceptability
dose ranges from 0.3 to ∙ Cells are more resistant at
2018; Lado and Yousef,
as labeling is mandatory
freezing temperature
60 kGy for food and
2002; Monk et al., 1995;
∙ Spores more resistant than
in most countries
packaging materials in
Pillai and Shayanfar, 2017
the United States, from 2
vegetative cells, viruses more ∙ Not yet allowed for all
food commodities in all
to 10 kGy in the EU
resistant than bacteria and
countries
fungi. Few studies on effect on
viruses

(Food) Applications
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Power, time,
frequency,
temperature

Pore size pressure

Microfiltration

Parameters

(Continued)

Steam
ultrasound

Processing
technique

TA B L E 1

∙ Vegetative bacteria,
spores, fungi, parasites
∙ Removal of
microorganisms

∙ Vegetative bacteria

Microbial target and
mode of action

∙ Liquids

∙ Food contact surfaces,
food surfaces

(Food) Applications

Considerations

Limitations

References
Morild et al., 2011; Schultz
et al., 2012

∙ Fouling of the membrane Fernández García et al.,
2013; Grandison, 2003
by food components
(e.g., fat globules)
∙ Removal of spores
depends on pore size

∙ The combined effect of steam ∙ The inactivation power
depends on the product
and ultrasound allows the
surface type, more
steam to penetrate into the
specifically how easily
microstructures more easily to
microorganisms can be
inactivate microorganisms
∙ Viral inactivation more
reached by steam
efficient on food contact
surfaces than on food surfaces
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a

a

(Food) Applications

Concentration,
time

Ethylene oxide

∙ Vegetative bacteria, fungi
∙ Enzyme inactivation

∙ Beverages, wine, spirit drinks

∙ Vegetative bacteria, bacterial ∙ Spices and herbs decontamination
spores, fungi
∙ Reacting with DNA and other
macro molecules

∙ Vegetative bacteria
∙ Limited to surfaces.
∙ Disruption of cell membranes ∙ Decontamination of fresh produce at
and cellular components
concentration of 40 to 100 ppm and with
contact times ranging from 30 s to 2 min

Approval of chemical treatment differs among countries.

Dimethyl dicarbonate Concentration,
time

Concentration,
time

Peracetic acid wash
(PAA)

∙ Limited to surfaces

∙ Vegetative bacteria, viruses
∙ Lowers pH and cellular pH,
alteration of viral capsule

pH, concentration;
time

∙ Limited to surfaces
∙ Acetic acid, citric acid, sorbic acid, lactic
acid, tartaric acid

Levulinic acid wash
(in combination
with sodium
dodecyl sulfate)

∙ Vegetative bacteria
∙ Lowers pH and cellular pH
and/or alteration of cell
membrane permeability
∙ Vegetative bacteria
∙ Limited to surfaces
∙ Membrane damage and
∙ Chlorine 50 to 200 ppm, pH < 8, >1 min
reacting with macromolecules
contact time
∙ Chlorine dioxide 5 ppm
∙ Chlorine dioxide less affected by pH and
organic matter
∙ The active form that has antimicrobial
activity is the hypochlorous acid, production
of which is highly dependent on pH. A pH
6.0 and 7.5 is most appropriate for effective
sanitizing activity without damaging
equipment

pH, concentration,
time

Organic acid wash

Microbial target
∙ Vegetative bacteria, fungi,
∙ Limited to surfaces
∙ 0.2 to 10 ppm
parasites, viruses
∙ Reacting with DNA and other
macro molecules

Chlorinated wash

Concentration,
time

Parameters

Chemical treatments or processing aid

Ozone (treatment in
air and water)

Treatment

TA B L E 2
Limitations

References

∙ Dicarbonates hydrolyze rapidly and Basaran-Akgul et al.,
2009; Golden et al.,
do not provide long-term protection
2005

∙ Ethylene is carcinogen and mutagen Atungulu and Pan,
2012; Kereluk et al.,
1970; Parisi and
Young, 1991

Olaimat and Holley,
2012

Cannon et al., 2012;
Magnone et al.,
2013; Zhao et al.,
2009; Zhou et al.,
2017

Goodburn and
∙ Chlorine rapidly loses activity on
Wallace, 2013;
contact with organic material
Kettlitz et al., 2016;
∙ At pH <4 toxic chlorine gas formed
Virto et al., 2005;
∙ Chlorine dioxide is unstable and can
WHO, 1998
be explosive when concentrated,
must be created on site
∙ Chlorate formation cannot be fully
avoided at residual concentrations
of free chlorine required to ensure
effective water disinfection

∙ Effectiveness determined by pH and WHO, 1998
type of weak acid

Goodburn and
∙ Corrodes metal surfaces
Wallace, 2013;
∙ Short life (must be produced on site)
Pandiselvam et al.,
2017; WHO, 1998
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of potential critical parameters to be considered are as follows:
1. Temperature of thermal treatments: Is there a cold spot
in the equipment, that is, lowest temperature reached
during (batch) process? When the product is heated
in packages—what temperatures are achieved within
the package—what is the heat penetration into packages? Is there a time with colder temperatures at startup or end-of-run in continuous processes? What happens with temperatures after process interruptions?
How should the process be evaluated, when temperature cannot be measured directly due to design (e.g.,
ultrahigh-temperature processing of particulate foods
[soups, vegetables])?
2. Time: What is the minimum time the product is
exposed to the treatment? Is that time variable at the
beginning and end of continuous processes? What are
the product amounts treated at the same time, that is,
what is the varying product throughput and how does
this influence the abovementioned parameters?
3. Others depending on the equipment: What is the maximum product throughput? Belt speed? Rotations per
minute? Minimum steam pressure? Minimum volume
of water added at start of process?
4. What are the currently used (or for new equipment:
planned) operational limits for the process? Operational limits would refer to lowest applicable values to
ensure a saleable and high-quality product, but not to
critical limits to ensure food safety. For existing equipment, critical limits should have been established during first commissioning and need to be lower than the
respective operational limits.
5. What are the operational procedures currently used in
the process, that is, how are start-up, end-of-run, and
process interruptions managed?
6. What is measured in the process to ensure the operational limits are met? Is there an alarm linked to certain
measurements?
7. How is under-processed product diverted/secured and
how is equipment coming into contact with underprocessed material cleaned and disinfected?
When operational limits are met, it is important to
review historical data or measurements to evaluate fluctuations or trends in the process. Some of the questions
to be asked are as follows: (i) how often are defined limits not met?; (ii) is there a trend over a defined period of
time toward upper or lower values?; (iii) is there variability in finished product quality or are all units the same?;
and (iv) is there any variability within equipment (such
as temperature distribution over the belt width of a flatbed roaster)? A trend, drift, or high fluctuation in a pro-
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cess variable indicates a loss of control in the process. In
order to define process variability, it is helpful to use statistical tools for evaluation. One well-known example is
the “Six Sigma” approach, which is a systematic mathematical approach to statistically investigate processes with
the goal to minimize variabilities (Kwak & Anbari, 2006).
When the variability is too high (i.e., going beyond specified lower and upper limits, or beyond six times the standard deviation [“Six Sigma” approach]), then the process
should be brought under control or corrected first, because
it would not be possible to predict most critical parameter
values for a validation study due to the ongoing changes.
It is important that all devices are calibrated at operating
conditions and the measurements are reliable. For example, if the process temperature is set at 100◦ C, but calibration of the temperature probe is done at 25◦ C, then that
probe may not accurately measure the temperature during processing. In addition, the measurement uncertainty
of that probe is not known at the operating temperature.
Within the framework of a validation study, the measurement uncertainty should be included in the study design
and implementation of critical limits (ISO, 2017). Thus, as
a worst case, process parameters are often intentionally set
lower than the critical limits during validation.

2.1.4
Considerations for multiple-step
processes
Although it is possible and sometimes necessary to use a
number of steps to control the hazard adequately, it should
be kept in mind that this approach requires very strict
control and in-depth understanding of the dependency
between those steps. Only under defined conditions (e.g.,
time, throughput, concentrations), the desired reduction
of the target pathogen will be achieved. A series of process steps is applied in cases where one step is not sufficient to achieve the target or where the process flow or
equipment design is such that it would not allow for evaluation of individual steps. Examples of the latter are heat
processes where cooling would be an inherent part of the
process, or processing material in a batch process involving
a series of different steps or conditions (e.g., water addition, vacuum, re-heating). Factors to consider when looking at a series of process flow and process steps are as
follows: (i) process interruptions (standing times) because
they can change survival of pathogens and allow for potential adaptions; (ii) product changes (e.g., moisture added or
removed); (iii) process changes (e.g., temperature fluctuations, pressure fluctuations); (iv) variability of treatment in
each step and what happens between the steps; (v) evaluation whether all steps are dependent on each other in a
fixed order or is there a certain flexibility that could lead to
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variabilities in products and treatments; and (vi) the lethal
effects may not add up (e.g., product could lose moisture in
the first step and therefore the next step would not deliver
the same lethal effect that was observed in the absence of
the first step due to changed product characteristics). All
of the steps and the underlying defined critical parameters
need to be included in the HACCP or food safety plan and
include defined critical limits, monitoring procedures, and
corrective actions.

2.2
Factors to consider related to the
product
Once process steps have been identified, intrinsic product
characteristics need to be evaluated before and after the
process steps in question. These characteristics are then
used to determine process efficiency and whether the target pathogen is capable of growth in product. For example,
raw meat is high in moisture and nutrients and, at appropriate temperatures, supports rapid microbial growth. On
the other hand, the high water content or high water activity (aw ) results in heat processes that can be very effective in reducing microorganisms in that product matrix.
For low-moisture foods such as nuts or seeds, microbial
growth is prevented due to the lack of moisture, but the
efficiency of thermal processes is significantly decreased.
The intended use of the finished product also needs to
be considered because the target organism may change
thereby influencing the process or process conditions. In
order to illustrate the importance of intrinsic product characteristics as well as target microorganisms, Figure 2 summarizes information on the thermal resistance of different
bacterial pathogens in various products or matrices. There
is significant variability in strain-to-strain thermal resistance, which is especially dependent on the matrix, but
also on the microorganisms used in studies.

2.2.1

Intrinsic properties

Intrinsic properties of products are those that belong
within the product itself. These parameters are pH,
aw , redox potential, nutrient content, antimicrobial constituent, and biological structure (Jay et al., 2005). They
can be altered when undertaking new product development, or when aiming a product at a different market (e.g.,
low sugar, low salt, low calorie, or high energy). These
intrinsic properties may also be altered when errors occur
during recipe make up within a manufacturing environment. Most of these intrinsic factors will affect the ability of any process to inactivate microorganisms contained
within a product. Products with similar intrinsic proper-

F I G U R E 2 Comparison of the heat resistances of various
bacterial pathogens (Adapted from Den Besten et al., 2018).
Variability in heat resistance per species is expressed in the
temperature range that equals a D-value of 1 min (TlogD= 0 ) and
reflects the overall variability in heat resistance per species in
various matrices (food products and media) as found in literature.
Product categories are highlighted in orange for Salmonella because
significantly higher heat resistances were observed in some test
products

ties are often produced on one line, for example, biscuits
with different flavors or inclusions. When these properties
are similar enough, they could be grouped together for the
purpose of a validation, and the one(s) with the least favorable properties for microbial destruction would be chosen
for the validation study.
In some specific product formulations, microbiological control is achieved through their intrinsic properties that have bactericidal effects and significantly reduce
pathogens. The efficacy of these intrinsic properties has
been demonstrated (or may need to be demonstrated) by
scientific studies. Some known examples are outlined in
Table 3. Even for those product formulations, the target
microorganism(s) need to be defined, because the bactericidal properties relate only to the tested and specific
microorganism(s).

2.2.2

Water activity

Reducing aw is a well-recognized preservation technique
for decreasing or preventing microbial growth. Due the
importance of this factor, the term “low-moisture foods”
has been introduced to describe products with aw lower
than 0.85, which refers to a threshold below which bacterial pathogens would not be able to grow or produce toxins
in those products. The reduction in aw in itself, however,
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Example of products that control pathogens by product formulation
Inhibitory intrinsic
and extrinsic
factor(s)

Microbial reduction
(log CFU)
References

Product

Target pathogen

Mayonnaise

Salmonella

pH < 4.1 and acidity of
the aqueous phase,
expressed as acetic
acid, is not less than
1.4%

>5-log in 72 hr at
room temperature

Code of Federal Regulations, 2009c,
Chapter 1. Subchapter B. Part 101.
Subpart G: Exemptions from food
labeling requirements. Section
101.100, d, 3; Erickson and Jenkins,
1991; Smittle, 1997

Alcoholic
beverages-egg
liquor

Salmonella

Ethanol content >14%

5-log in 30 hr at room
temperature

Greuel et al., 1995

Acidified foods
(pickled
cucumbers)

Pathogenic
Escherichia coli
O157

pH 3.5 and 2.5% acetic
acid or pH 3.8 and
2.5% acetic acid and
0.1% benzoic acid

5-log in 4 days at 10◦ C Breidt et al., 2013

Uncooked
comminuted
fermented meat

Pathogenic E. coli

Final pH 5.1, final aw
0.89

2-log in 20 days at 25
to 26◦ C until day 3
and 15 to 16◦ C
thereafter

will not kill microorganisms—indeed, it will often help
preserve them (Codex Alimentarius Commission, 2015).
However, when low-moisture foods or ingredients are used
in high-moisture finished products, growth conditions for
pathogens are reinstated. Therefore, adequate preventive
controls should be determined to prevent outgrowth and
toxin production by target pathogens in finished products.
Lowering aw by drying, addition of salt, sugar, or any
other humectant will tend to increase the heat resistance
of microorganisms. Sometimes the effect can be drastic with organisms becoming exceptionally heat resistant
under very dry conditions. For example, the difference in
D-values for Salmonella between high-aw raw milk (D68.3 value of 0.015 min) and low-aw molten chocolate (D70 value of 816 min) is more than 10,000-fold (Doyle & Mazzotta, 2000). Because moisture or aw can be an important
parameter in evaluating lethal effects for bacteria, variability in aw may need to be determined at the beginning and
end of the process. Food matrix and aw have been shown
to affect not only the D-value but also z-value (Limburn
& Gaze, 2013; Potter et al., 2017). The effect of aw on the
D-value and z-values of Salmonella in various dried seeds
and nuts is demonstrated in Table 4.
The protective effects of low aw exhibited in heatprocessed foods can also be observed in other types of processes. For HPP, a reduction of aw in a model medium from
0.99 to 0.90 using glycerol caused a considerable reduction
in inactivation of E. coli and the extent of the effect differed when different solutes (e.g., sodium chloride, glycerol, fructose, and sorbitol) were used (Setikaite et al.,
2009). Protective effects of low aw on bacteria and yeast

Ross and Shadbolt, 2004

T A B L E 4 Effects of aw and product on D-value and z-value of
Salmonella Typhimuriuma

a

Product

aw

D115 (min)

z-value (◦ C)

Cocoa beans

0.40

39.9

37.0

Walnuts

0.49

75.7

17.8

Wheat

0.57

55.7

19.4

Sesame seeds

0.58

36.9

20.4

Brazil nuts

0.61

99.7

17.6

Pumpkin seeds

0.65

92.3

20.9

Pecans

0.66

63.2

19.2

Stainless steel

–

21.0

24.4

Information taken from Potter et al. (2017).

have also been reported during PEF processing (Aronsson
& Rönner, 2001). Generally, low aw will reduce the effect of
any process, and different humectants will have differing
effects complicating extrapolation of the lethal effect from
one recipe to another. These effects should be considered
when employing processes in which aw is reduced as temperature is increased, for example, forced air-drying processes. As temperature is raised in such systems, it might
be anticipated that the lethal effect would also increase;
however, if water is driven off more rapidly at the higher
temperature and the aw is quickly reduced, the resistance
of the target microorganism will also increase. Such situations need careful consideration during validation.
One point to consider with aw is the time taken to equilibrate throughout a food product. In liquids where aw
adjustment is done by addition of a solute, equilibration of
the water activity will be almost instantaneous. However,
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in solids or liquids containing solid particles, full equilibration of the desired aw throughout the particles may take
some time and will depend on particle size.

2.2.3

pH

The association between pH and heat process has long
been exploited within ambient stable hermetically sealed
canned, jarred, or foil-packed foods. This is based on a need
to prevent growth and toxin formation by C. botulinum,
where growth can be prevented at a product pH 4.6 or
lower, and in such foods a high pasteurization designed
to kill vegetative organisms and control of aciduric spore
forming bacteria can be used. If the product pH is higher
than 4.6, C. botulinum may grow, and a lethal “botulinum
cook” must be employed. Reducing the pH decreases the
thermal process required to destroy C. botulinum in canned
foods. In foods other than canned products, the concern
will usually be reducing vegetative pathogens of concern
through effective process controls. There is considerable
literature indicating that lowering pH increases the lethal
effects of temperature. Blackburn et al. (1997) reported
lower D-values for E. coli O157:H7 at low pH compare to
those at near neutrality and similar results have been noted
for Salmonella (Blackburn et al., 1997; Mañas et al., 2003).
Miller et al. (2009) noted that a reduction in pH from 7.5 to
4.5 in broth (adjusted with lactic acid) changed the D52.5
for Listeria innocua from 33.9 to 4.6 min (Miller et al.,
2009). These authors did not report any effect due to differing acidulant and results with organic acids (lactic and
acetic acids) were similar to those with hydrochloric acid.
Although limited, work done at high pH (extending above
pH 7) tended to suggest that much higher pH will also
enhance inactivation of microorganisms by heat (Teo et al.,
1996).
When considering nonthermal processes, a similar pH
effect has been noted. As pH is lowered, most microbes
become more susceptible to HPP inactivation and sublethally injured cells fail to repair (Anonymous, 2016).
When working with pH-adjusted foods, consideration
must be given to the time needed for the pH to equilibrate
throughout all the particulates within a product.

2.2.4
Food matrix related factors: Fats and
proteins
Constituents of any food matrix may influence the heat
resistance of organisms in the matrix and should be
considered when developing adequate processes. It is well
known that fats and oils tend to have a protective effect
and enhance heat resistance. In some cases, this will be

due to a lowering of aw in higher-fat products, but may also
be due to a close association between the organism and
particles of fat within foods, giving a protective effect. Similar effects have been reported for proteins, with a higher
protein content increasing heat resistance. These effects
mean that any changes to product formulation that change
key constituents of a food should always lead to a consideration of the impact on the adequacy of the food process
applied.

2.2.5

Physical properties of the food

When it comes to the effective processing of the final product, it is critical to know how the contaminants are distributed over or in the product. If it is known that all of
the organisms will be located on the external surfaces of
a solid product, then it may only be necessary to ensure
that the outer surface is fully processed. In that context, it
is necessary to understand how processes work throughout a product to ensure that they are adequate to control
the organisms in their location. An example for heat processes is provided below; however, other processes need to
be evaluated at the same depth to make sure that the target
reduction level is reached.
Heat processes must ensure that adequate heat penetrates the entirety of a food for sufficient time to adequately
decrease the identified hazards. Considerations here will
include anything that may impede heat penetration and
will influence the placement of any probes used to validate a process. Specific considerations are as follows: (i)
the pack size (or individual portion size); (ii) the packaging material if the food is packed before the process is
applied; (iii) the fill level or bed depth as air is a poor
conductor of heat and larger air spaces in the pack may
require a greater process to achieve a required product temperature; (iv) the format of the food (i.e., liquid, solid, or
liquid food containing particles); and (v) the particle size
because larger sizes will need a greater process to achieve
a desired internal temperature and may also result in conductive heating when movement of the liquid phase is
interrupted or reduced. A potential change in the material
during processing also needs to be considered, for example,
when starch-containing products change from a liquid to
a jelly (more solid) stage during processing. This changes
the mode of heat transfer from convection to conduction,
and may require longer process times in order to achieve
the same lethal effect. In some cases, dry ingredients (e.g.,
rice, pasta, herbs) may be added to a mixture immediately
before processing and these become hydrated during the
process. In such cases, the effect of aw on microbial heat
resistance needs to be considered. Consideration has to be
given to the hydration time, the final aw of the ingredi-
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ent, and the process needed to adequately reduce target
microorganisms in such conditions.

2.2.6

Intended use of the product

Processes must be designed with a clear view of the end
use of the product. If the product is intended to be stable
at ambient conditions, then the product formulation and
process must be designed to reduce levels of pathogenic
microorganisms to acceptable levels and to prevent the
outgrowth of all pathogenic and spoilage microorganisms
(vegetative cells and spores) under normal storage conditions. If the product is designed to be held chilled for a
shorter period of time, it is necessary to reduce the identified pathogen by a target log-reduction (see Section 3).

2.2.7
Use of worst-case conditions when
designing a process
There will always be an acceptable variation in production parameters when foods are commercially produced
and this variation should be lower than established critical
limits. Such variations include, but are not limited to, aw ,
pH, size or mass of solid particles of food, fill volume, viscosity, fat levels, temperature of materials at input, solid to
liquid ratio, flow rate, and so forth. Previous Sections 2.2.1
to 2.2.5 have highlighted the effects of various parameters
on the lethal effects of different processes. When validating any process, it is important to consider the occurrence
of worst-case conditions (e.g., may be the lowest aw , highest pH, largest solid particle size). The use of worst-case
conditions is noted by the Food and Drug Administration
(FDA) (Anderson, 2019; Larkin & Spinak, 1996), in guidance from other organizations (NACMCF, 2010) and the
British Retail Consortium (BRC, 2018a).

2.2.8
Process validation for process
intermediates or semifinished products
In some instances, products will be constructed from several processed intermediate ingredients, or may have a process applied in multiple individual stages designed to give
an overall performance criterion. In such situations, the
processor needs to assess if the “break” in the overall process could lead to consequences that affect the safety of
the final product. Any break in a process may leave viable
organisms in the intermediate product, and if the intermediate is not handled correctly the number of organisms
could increase due to growth, or via cross contamination
introduced by poor hygiene. Such increased numbers may
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not be able to be reduced by further processing, unless this
increase has been anticipated and additional processing
steps have been designed to address it. Care needs to be
taken where toxin formation is possible where these toxins may be more resistant to heat than the organisms producing the toxins. If production involves a process intermediate or semifinished product, this must be handled with
a view to minimizing or preventing microbial growth or
cross contamination.

3

TARGET PATHOGENS

Selection criteria for target
3.1
pathogens
There are a number of factors to take into consideration
when identifying an appropriate target pathogen for a food
or process (Figure 3). Consulting the food safety plan hazard analysis for the product and process in question is
a good place to begin. In that hazard analysis, the specific product, its formulation including ingredient sourcing, facility (equipment and potential for cross contamination), and the processes used to prepare it are important to consider when identifying ecologically relevant
pathogens. In addition, epidemiological information (e.g.,
outbreaks) along with data on recalls (for presence of a
pathogen) for the ingredients, product, or product category
should be reviewed. Information on surveys that detail
both prevalence and levels of pathogens in raw materials
or finished product (published data or company-specific
data) should also be gathered (e.g., Harris et al., 2019; Van
Doren et al., 2013). Levels of Salmonella that have been
reported in some low-moisture foods are shown in Table 5
and include the experimental detail that is important in
assessing these data. Taken together this information can
be used to establish a list of pathogens that have been associated with or are reasonably likely to be associated with
the raw materials or product in question, at their maximum levels. It is of vital importance before beginning a
validation study that the hazard analysis has been performed as described in Codex documents and other available guidelines (Codex Alimentarius Commission, 2009b;
FDA, 2018). The hazard analysis should lead to the identification of the significant biological hazards that need
to be controlled for the product and which of those significant biological hazards are expected to be controlled
by the process that is the focus of the validation study.
In some cases, these data will have already been synthesized in review articles or in regulatory or other guidance
documents (NACMCF, 2010). For example, the FDA hazard guidance documents for seafood (FDA, 2020), juices
(FDA, 2004), and a large range of other food types (FDA,

Processor drying, Brazil

Retail, Brazil

Processors, US

Peanut, inshell

Peanut, raw shelled

Processors, US

Walnut

US points of entry

Retail, UK

Sesame

Mixed seeds [alfalfa, flax
(linseed), melon, sesame,
sunflower]

Seed

Processors, US

Processors, US

Pecan, inshell

Pistachio

Processors, US

Growers, Brazil

Peanut, inshell

Peanut, inshell

Processors, US

Retail, UK

Mixed nuts (almond, Brazil
nut, cashew, peanut,
walnut)

Peanut, raw shelled

25 g × 10

Imports from Sri Lanka
(Ceylon), sampled in
UK

Coconut, desiccated (shred,
flake, flour)

Peanut, raw shelled

25 g × 10

Retail, UK

Brazil nut

10 g × 10

375 g × 4 and 12 each: 100 g, 10 g, 1 g,
0.1 g

375 g × 1 and 2 × 50 g or 10 × 50 g or 1 ×
120 g

100 g × 1, multiple 50 g, and 3 each:
5.6 g, 0.56 g

100 g × 1 and 3 each: 25 g, 2.5 g, 0.25 g

350 g × 1 and 3 each: 100 g, 10 g, 1 g

3 each: 10 g, 1 g, 0.1 g

3 each: 10 g, 1 g, 0.1 g

25 g × 10

<0.1 in four of six samples; 0.1 and 0.2 in
two of six samples

23 samples: 0.0006 to 0.042

Three samples: 0.0032, 0.0038, 0.0042

11 samples (sinkers): 0.004621 samples
(floaters): 0.012 to 0.43

44 samples: <0.0047 to 0.39 for 2010 to 2014

65 samples: 56 samples: 0.0020; nine
samples: 0.0048 to 0.015

41 samples: <0.003 to 2.4

22 samples: <0.030 to 2.4

One sample: 0.009

Two samples: 0.004

Six samples: 0.004 to 0.092

<0.010

<0.03 MPN/g

Not given

10 g × 10

Two samples: 0.23, 0.09

96 samples: 0.0044 to 0.15; four samples:
0.00080, 0.00080, 0.00095, 0.0034; 10
samples: 0.002 to 0.032

Salmonella levels (MPN/g)

10 g × 10

100 g × 1 and 3 each: 25 g, 2.5 g, 0.25 g

Processor receiving,
California

Almond, raw kernel

Sample size (g)

Where collected

Levels of Salmonella in positive samples of some types of naturally contaminated low water activity foods

Product
Nut
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Willis et al., 2009

Van Doren et al., 2013

Davidson et al., 2015

Harris et al., 2016

Brar et al., 2016

Miksch et al., 2013

Calhoun et al., 2018, 2019

Calhoun et al., 2013

Nascimento et al., 2018

Nascimento et al., 2018

Nascimento et al., 2018

Little et al., 2010

Galbraith et al., 1960

Little et al., 2010

Bansal et al., 2010; Danyluk
et al., 2007; Lambertini et al.,
2012), Harris, unpubl. (2013
data)

References
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Significant biological hazard(s) identified?
-see Section 3.1 (outcome of hazard analysis)
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No

No control measure and validation
required

Yes

Identify/define process step(s) to be used as
control measure - see Section 2.2

Identify target pathogen at that process
step(s) - see Section 3.1

Document all steps and conclusion
(decision on target pathogen(s))

FIGURE 3

Decision tree on selection of target pathogen for validation studies

2018) identify pathogens of concern in various types of
products and processes. Table 6 provides some examples
of pathogens and their association with various food products. When more than one significant biological hazard
(pathogen) is identified, it is common to narrow the focus
to a smaller number of pathogens (ideally one) for purposes of process validation (Moussavi et al., 2020). Often
the most resistant pathogen is selected based on scientific data regarding the relative resistance of the individual pathogens toward the process control step with the
product or matrix taken into account. Within species of a
given pathogen (e.g., individual strains of C. botulinum, E.
coli O157:H7, Listeria monocytogenes, or Salmonella enterica), there can be large differences in strain-to-strain resistance to a given process that can also be impacted by product composition (Bull et al., 2009). Although it may not
always be necessary or possible to identify the most resistant strain in nature to a certain treatment, the product
or matrix should be taken into account (NACMCF, 2010).
Different treatments may have different target pathogens
(e.g., the most thermally resistant pathogen may not be the
most acid-tolerant pathogen). The main principle to follow
is to select strains that have higher resistance relative to the
product formulation and process.
Ultimately, the target pathogen for process validation
(pathogen inactivation) should be based on a holistic
assessment of the likelihood and levels of pathogen association with the specific food, pathogen resistance to the
specific inactivation process (e.g., thermal, high pressure,

acid), as well as the public health objective of the process,
and the intended storage, distribution, and use of the product. When selecting a target pathogen(s), it may be beneficial to consult with an expert food microbiologist, especially one with experience with the target food and target
process. The thought process or rationale for selection of
the target pathogen should be described in the validation
report.

3.2

Determining performance criterion

A performance criterion is the required outcome of one
or more control measures. For a process validation, this is
the desired target pathogen reduction. Performance criteria and process criteria are available for a range of foods
(Table 7). Schaffner et al. (2013) discussed factors to consider when setting performance criteria for low-moisture
foods. They suggested that the use of a 5-log reduction target for Salmonella in low-moisture foods might be appropriate when levels of contamination in the raw ingredients is low (<1 CFU/g) and the target process was well
controlled, even when data for a specific product are limited. The authors recognized the use of quantitative risk
assessments that have been used for several nut types such
as almonds (Danyluk et al., 2007; Lambertini et al., 2012;
Santillana Farakos et al., 2017b), peanuts (Casulli et al.,
2019), pecans (Santillana Farakos et al., 2017a), pistachios
(Lambertini et al., 2017; Santillana Farakos et al., 2018b),
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Example pathogens that may be associated with various food products and situations that pose elevated riska

Product category

Pathogenb

Comments (e.g., source and subcategories
posing higher risk)

Eggs and egg products
Salmonella c

Egg-laying flocks may be colonized and eggs
become contaminated through transovarian
or trans-shell infection

Listeria monocytogenes and Staphylococcus
aureus

For egg products with extended shelf life

Spore-forming bacteriad

For egg product after cooking without cooling

Salmonella

Colonization of cattle, sheep, pigs, and goats;
pigs shed wide range of serotypes

Shiga toxin-producing Escherichia coli
(STEC)

Higher prevalence in calves, also carried by
other ruminants. Not all strains found in
animals cause illness in humans

L. monocytogenes

Silage and decaying vegetable matter are
sources of large numbers, causing listeriosis
in farm animals; meat processing equipment
is a known source of contamination

Meats and meat-based
foods
Cattle, sheep, pigs, goats

Poultry and poultry
products

Shellfish, fish, and fish
products

Campylobacter jejuni and Campylobacter coli

More common in pigs and cattle

Yersinia enterocolitica

More common in pigs

Clostridium botulinum

C. botulinum is the most heat-resistant
bacterial pathogen; can be found in
spore-contaminated soil

Bacillus cereusd and Clostridium perfringens

Meat products after cooking, when cooling is
not adequate

Protozoal parasites: Toxoplasma gondii,
Sarcocystis hominis, Sarcocystis suihominis,
Trichinella spiralis, Taenia solium, and
Taenia saginata

Protozoal parasites are not very heat resistant
and so control of other pathogens in meat
will normally control these organisms

Viruses: Hepatitis Ee

Some pig herds carry the virus, products made
of liver pose higher risk than other meat

Salmonella

Commonly associated with poultry flocks

C. jejuni and C. coli

Commonly associated with poultry flocks but
less heat resistant than salmonellae

S. aureus

Strains associated with poultry are generally
not a public health concern

L. monocytogenes

No direct evidence that growth of L.
monocytogenes in raw poultry meat is a
significant factor for human illness;
processing equipment is a known source of
cross contamination

C. perfringens

Outbreaks linked to prepared foods including
large pieces or quantities of meat or poultry

Viruses: Norovirus

Particularly molluscan shellfish contaminated
with human feces, where source is
contaminated water or personnel (poor
hygiene)

Vibrio parahaemolyticus and Vibrio
vulnificus

Naturally present in seawater
(Continues)
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(Continued)

Product category

Pathogenb

Comments (e.g., source and subcategories
posing higher risk)

L. monocytogenes

Commonly isolated from food processing
environments

Nonproteolytic C. botulinum

The most heat-resistant bacterial pathogen
capable of growth at refrigeration
temperatures

Viruses: Hepatitis A
Nematode/trematode parasites: e.g., Anisakis
simplex, Opisthorchis spp., Clonorchis spp.

Only a concern for products consumed raw

Salmonella, L. monocytogenes, Coxiella
burnetii

Targets for pasteurized milk, with limited shelf
life at refrigeration; sources are farm animals

Milk and dairy
products

Brucella melitensis, C. jejuni, STEC,
Mycobacterium bovis, Mycobacterium
tuberculosis
C. botulinum, toxigenic Bacillus spp.

Shelf-stable milk products, concentrated milks

Salmonella, S. aureus

Cream, liquid milk products

Salmonella

Dried milk powders, ice cream

Salmonella, L. monocytogenes

Fermented milks

Salmonella, L. monocytogenes,
enteropathogenic E. coli, STEC, S. aureus, C.
botulinum

Cheese

Salmonella, L. monocytogenes, C.
botulinum, STEC

Processed cheese

Salmonella, STEC

Mayonnaises/dressings with pH > 4.1 and acid
moisture ratio <0.7

Salmonella, STEC, L. monocytogenes, S.
aureus, C. botulinum

Mayonnaise-based salads

L. monocytogenes and staphylococcal
enterotoxin–producing staphylococcif

Butter, margarine, and reduced-fat spreads
containing dairy

B. cereus

Rice (cooked), tortillas, pastries, filled products

Salmonella

Flours, dry mixes, pastries, filled products

S. aureus

Tortillas, pasta, noodles, pastries, filled
products

C. botulinum

Refrigerated, fresh pasta

STEC, Salmonella

Contamination arising from wild and farm
animals and contaminated water sources

Viruses: Hepatitis A, norovirus

Human reservoir only, where sources are
contaminated water or personnel (poor
hygiene)

Protozoal parasites: Cryptosporidium spp.,
Cyclospora cayetanensis, Giardia spp.

Contamination arising from wild and farm
animals and contaminated water sources

L. monocytogenes

Higher pH fruits such as melons

Oils and fat-based
foods

Plants and
plant-based foods
Cereals and cereal
products

Fruits and fruit products
(including juices,
concentrates, and
preserves

(Continues)
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(Continued)

Product category

Nuts and oil seeds

Spices, herbs, dried
soups, and flavorings

Vegetables and vegetable
products

Pathogenb

Comments (e.g., source and subcategories
posing higher risk)

C. botulinum

Only where pH (>4.6) permits growth, and rare
cases where growth of spoilage organisms
increases product pH

Salmonella , STEC

Contamination of tree nuts, peanuts, and seeds
during production or harvest or
recontamination after processing

C. botulinum

Thermally processed hazelnut puree and
peanut butters (rare)

C. botulinum and C. perfringens

C. botulinum is the most heat resistant bacterial
pathogen; can be found in
spore-contaminated soil

B. cereus

Soil-borne

Salmonella

Fresh or dried spices/herbs

L. monocytogenes
STEC, Salmonella

Contamination arising from wild and farm
animals and contaminated water sources

Shigella spp.

Human feces or infected personnel

C. botulinum

The most heat resistant bacterial spore forming
pathogen

B. cereus

Soil-borne

Viruses: Hepatitis A

Human reservoir only, where sources are
contaminated water or personnel (poor
hygiene)

Cocoa, chocolate, sugars
and confectionery

Salmonella

Cocoa bean contamination and other
ingredients such as nuts, milk, egg, flours,
spices, and gelatin

Soft drinks

Viruses: Norovirus

Human reservoir only, where sources are
contaminated water or personnel (poor
hygiene)

Sugar, syrups, honey

C. botulinum

Honey for infants

Salmonella, STEC, C. jejuni, Shigella spp.,
Vibrio cholera, Y. enterocolitica

Sources include human fecal contamination,
wild and domestic animal fecal material

Viruses: Norovirus, hepatitis A

Human reservoir only

Protozoal parasites: Cryptosporidium spp., C.
cayetanensis, Entamoeba histolytica,
Giardia intestinalis, Ascaris lumbricoides

Sources include human fecal contamination,
wild and domestic animal fecal material

Sugars and
confections

Water

a

Information taken from ICMSF (2011).
Pathogens that are common targets for control/processing are indicated in bold font.
c
Salmonella refers here only to non-typhoidal serotypes.
d
Information taken from EFSA (2005a).
e
Information taken from ACMSF (2015).
f
Information taken from Minor and Marth (1972a, 1972b).
b

Vat/batch
pasteurization

High temperature,
short time
pasteurization;
continuous flow
pasteurization

Pasteurization

Vat/batch
pasteurization

High temperature,
short time
pasteurization

Vat/batch
pasteurization

High temperature,
short time
pasteurization

Milka

Milka

Milk and milk
products

Cream (up to 40%
butterfat)

Cream (up to 40%
butterfat)

Chocolate milk(4% fat,
total solids 22.5%)

Chocolate milk(4% fat,
total solids 22.5%)

Process

C. burnetii

C. burnetii

C. burnetii

C. burnetii

C. burnetii

C. burnetii

Coxiella burnetii

Target organism

5-log reduction

5-log reduction

5-log reduction

5-log reduction

5-log reduction

5-log reduction

145◦ F (63◦ C) for 30 min, 161◦ F (72◦ C) for
15 s, 191◦ F (89◦ C) for 1 s, 204◦ F (96◦ C)
for 0.05 s, 212◦ F (100◦ C) for 0.01 sb

66◦ C (150◦ F) for 30 min

75◦ C (166◦ F) for 15 s

66◦ C (150◦ F) for 30 min

75◦ C (166◦ F) for 15 s

5-log reduction

Performance
criterion

161◦ F (72◦ C) for 15 s

145◦ F (63◦ C) for 30 min

Process parameter/criteria

Overview of published performance criteria and process criteria in various food products

Dairy products

Commodity

TA B L E 7

(Continues)

Code of Federal Regulations, 2009c,
Chapter I. Subchapter B. Part 131.
Subpart A: General Provision. Section
131.3; Enright, 1961; NACMCF, 2006

Code of Federal Regulations, 2009c,
Chapter I. Subchapter B. Part 131.
Subpart A: General Provision. Section
131.3; Enright, 1961; NACMCF, 2006

Code of Federal Regulations, 2009c,
Chapter I. Subchapter B. Part 131.
Subpart A: General Provision. Section
131.3; Enright, 1961; NACMCF, 2006

Code of Federal Regulations, 2009c,
Chapter I. Subchapter B. Part 131.
Subpart A: General Provision. Section
131.3; Enright, 1961; NACMCF, 2006

Code of Federal Regulations, 2009c,
Chapter I. Subchapter B. Part 131.
Subpart A: General Provision. Section
131.3; Chapter 1. Subchapter L. Part
1240. Subpart D: Specific
Administrative Decisions Regarding
Interstate Shipments. Section 1240.61

Codex Alimentarius Commission, 2015;
Commission Regulation (EC) No
2074/2005; FAO/WHO, 2011; FDA,
2017; Institute of Medicine & National
Research Council, 2003

Codex Alimentarius Commission, 2009a;
Commission Regulation (EC) No
2074/2005; FAO/WHO, 2011; FDA,
2015c; Institute of Medicine & National
Research Council, 2003

References
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Clostridium
botulinum

Heating

Sterilized; UHT or
aseptically
processed milk

Salmonella
Salmonella

Pasteurization

Pasteurization

Pasteurization

Pasteurization

Pasteurization

Plain whole egg

Plain yolk

USDA scrambled egg
mix (30% solids)

Scrambled egg mix
(22% solids)

Fortified whole egg
“Tex” product (32%
solids)

Salmonella

Salmonella

Salmonella

Salmonella

Pasteurization

Albumen (without use
of chemicals)d

Salmonella Enteritidis

Any validated process

Eggs (shell eggs that
may be
contaminated with
Salmonella
Enteritidis)

Egg and egg products

C. burnetii

High temperature,
short time
pasteurization

Ice cream mix (total
solids up to 42%)

C. burnetii

Vat/batch
pasteurization

Ice cream mix (total
solids up to 42%)

Target organism

Process

(Continued)

Commodity

TA B L E 7

5-log reduction

80◦ C (175◦ F) for 25 s

5-log reduction

5-log reduction
5-log reduction
5-log reduction
5-log reduction
5-log reduction

140◦ F (60◦ C) for 3.5 min
142◦ F (61.1◦ C) for 3.5 min, or 140◦ F (60◦ C)
for 6.2 min
144◦ F (62.2◦ C) for 2 min
140◦ F (60.0◦ C) for 2.4 min
144◦ F (62.2◦ C) for 2.0 min

5-log reduction

Albumen pH 7.8: 54.4◦ C for 62.55 min,
55.5◦ C for 29.10 min, 56.7◦ C for
12.35 min, 57.7◦ C for 6.25 min
Albumen pH 8.2: 54.4◦ C for 48.10 min,
55.5◦ C for 24.45 min, 56.7◦ C for
11.25 min, 57.7◦ C for 5.75 min
Albumen pH 8.8: 54.4◦ C for 34.95 min,
55.5◦ C for 20.05 min, 56.7◦ C for
9.95 min, 57.7◦ C for 5.75 min
Albumen pH 9.3: 54.4◦ C for 15.25 min,
55.5◦ C for 8.70 min, 56.7◦ C for 4.25 min,
57.7◦ C for 2.50 min

ND

14-log reduction

5-log reduction

69◦ C (155◦ F) for 30 min

F0 = 3 min; equivalent sterilization
temperatures (e.g., 121◦ C for 3 min or
115◦ C for 13 min) or UHT temperatures
(e.g., 140◦ C for 2.3 s)

Performance
criterion

Process parameter/criteria

References

Froning et al., 2002

Froning et al., 2002

Froning et al., 2002

(Continues)

Froning et al., 2002; USDA-FSIS, 2017

Froning et al., 2002; USDA-FSIS, 2017

Froning et al., 2002

Code of Federal Regulations, 2009c,
Chapter I. Subchapter B. Part 118.
Production, storage, and transportation
of shell eggs. Section 118.12

Codex Alimentarius Commission, 1999;
Commission Regulation (EC) No
2074/2005; FAO/WHO, 2011

Code of Federal Regulations, 2009c,
Chapter I. Subchapter B. Part 135.
Subpart A: General Provision. Section
135.3; Enright, 1961; NACMCF, 2006

Code of Federal Regulations, 2009c,
Chapter I. Subchapter B. Part 135.
Subpart A: General Provision. Section
135.3; Enright, 1961; NACMCF, 2006

2846
VALIDATION OF LETHAL CONTROL MEASURES. . .

Salmonella
Salmonella

Pasteurization

Pasteurization

Pasteurization

Pasteurization

Pasteurization

Pasteurization

Imitation egg product

Salted yolk (10%)

Salted whole egg (10%)
without storage

Salted whole egg (10%)
with 96-hours
storage

Sugared yolk (10%)

Sugared whole egg
(10%)

Heating process

Heating process

Fish and fishery
products

Fish and fishery
products

Fish and seafood

Salmonella

Pasteurization

Fortified egg yolk
“Tex” product (49%
solids)

Nonproteolytic C.
botulinum type Be

Listeria
monocytogenes

Salmonella

Salmonella

Salmonella

Salmonella

Target organism

Process

(Continued)

Commodity

TA B L E 7

5-log reduction

5-log reduction
5-log reduction

146◦ F (63.3◦ C) for 5.7 min
146◦ F (63.3◦ C) for 3.5 min

146◦ F (63.3◦ C) for 3.5 min
142◦ F (61.1◦ C) for 3.5 min

Depends on matrix and heating
temperature but also initial levels in
product:
∙ Fish and fishery products generally
(surimi-based products, soups, or
sauces): 90◦ C for 10 min, where
z = 7◦ C for temperatures ≤90◦ C and
z = 10◦ C for temperatures >90◦ C;
∙ Blue crabmeat pasteurized to a
minimum cumulative total lethality of
F85◦ C = 31 min, where z = 9◦ C;
∙ Dungeness crabmeat pasteurized to a
minimum cumulative total lethality of
F90◦ C = 57 mins, where z = 8.6◦ C.
Equivalent processes at different
temperatures can be calculated using
the z-values provided.

6-log reduction

6-log reduction

5-log reduction

146◦ F (63.3◦ C) for 4.5 min

F70 ◦ C = 2 min, z = 7.5◦ C; generally
conservative values that apply to all
foods

5-log reduction
5-log reduction

134◦ F (56.7◦ C) for 4.6 min

5-log reduction

◦

Performance
criterion

146 F (63.3 C) for 3.5 min

◦

Process parameter/criteria

FDA, 2011

FDA, 2011

(Continues)

Froning et al., 2002; USDA-FSIS, 2017

Froning et al., 2002; USDA-FSIS, 2017

Froning et al., 2002

Froning et al., 2002

Froning et al., 2002

Froning et al., 2002

Froning et al., 2002

References
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(Continued)

Process

Lethality process
which must include
a cooking step

Heating process

Lethality process that
must include a
cooking step

Cooked beef, roast
beef, and cooked
corned beef
productsf, g

Meat and poultry
jerkyh

Cooked poultry
products

Heat treatment

Heat treatment

Cooked chilled foods

Low-acid canned food

Miscellaneous

Any validated process

Fermented dry
sausage containing
beef

Meat and meat products

Commodity

TA B L E 7

proteolytic C.
botulinum

Nonproteolytic C.
botulinum

Salmonella

Salmonella, E. coli
O157:H7 for
products
containing beef

Salmonella

Escherichia coli
O157:H7

Target organism

F0 = 3 min, probability of a viable spore
of C. botulinum being present <10−12
per container (N 0. = 100 spores per
container)c

14-log reduction

6-log reduction

7-log reduction

Internal temperature of at least 160◦ F
(71.1◦ C)

90◦ C for 10 min or equivalent lethality
combined with chilled storage at ≤8◦ C

5-log reduction

6.5- or 7.0-log
reduction

Shorter holding times for temperatures
≥146◦ F (63.3◦ C). For example, 85 or 91 s
at 149◦ F (65◦ C) or equivalent.
Longer holding times apply for
temperatures ≤145◦ F (62.8◦ C). For
example, 23 to 24 min at 137◦ F (58.4◦ C)
or equivalent.
Inactivation target is considered to be
reached instantly at temperatures
≥158◦ F (70◦ C).
ND

5-log

Performance
criterion

ND

Process parameter/criteria

(Continues)

ICMSF, 2011; Institute of Medicine &
National Research Council, 2003

BRC, 2018b; Peck, 2006

Code of Federal Regulations, 2009b,
Chapter III. Subchapter A. Part 381.
Subpart O: Entry of Articles into
Official Establishments; Processing
Inspection and Other Reinspections;
Processing Requirements. Section
381.150; FSIS, 2017

FSIS, 2014

Code of Federal Regulations, 2009b,
Chapter III. Subchapter A. Part 318.
Subpart A: Entry into Official
Establishments; Reinspections and
Preparation of Products. Section 318.17;
FSIS, 2017

USDA, 2001

References
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(Continued)

Heat treatment

Any validated process
or processes

Oil roasting

Blanching

Fruit juices (pH 4.0 or
less)

Almonds

Almonds

Almonds
Salmonella

Salmonella

Salmonella

E. coli O157:H7, L.
monocytogenes,
Salmonella

Oocysts of
Cryptosporidium
parvum (considered
most heat resistant
microorganism of
significance to
public health in
apple juice)

Target organism

Code of Federal Regulations, 2009a,
Chapter IX. Subchapter A. Part 981.
Subpart - Administrative Rules and
Regulations. Section 981.442

≥4-log reduction

≥5-log
reduction≥4-log
reduction
≥5-log
reduction≥4-log
reduction

ND

≥260◦ F (127◦ C) for ≥2.0 min
≥260◦ F (127◦ C) for ≥1.6 min
≥190◦ F (87.8◦ C) for ≥2.0 min
≥190◦ F (87.8◦ C) for ≥1.6 min

ABC, 2007a

ABC, 2007c

FDA, 2004

5-log reduction

160◦ F (71.1◦ C) for 3 s

FDA, 2004

References

5-log reduction

Performance
criterion

160◦ F (71.1◦ C) for 6 s, 165◦ F (73.9◦ C) for
2.8 s, 170◦ F (76.7◦ C) for 1.3 s, 175◦ F
(79.4◦ C) for 0.6 s, 180◦ F (82.2◦ C) for 0.3
s

Process parameter/criteria

Abbreviation: ND, not defined.
a
In the Codex Alimentarius source for the same recommendation, milk is defined as having a fat content of 4%.
b
In the U.S. legislation, for dairy ingredients with a fat content ≥10% or the addition of sweeteners, the specified temperature shall be increased by 5◦ F.
c
Results from rounding of the original F0 value, which was 2.45 min.
d
The heat resistance of Salmonella is significantly reduced as the pH of the albumen is increased.
e
Most heat resistant form of the nonproteolytic C. botulinum.
f
These products must also be stabilized so that there is no multiplication of toxigenic microorganisms such as C. botulinum and no more that 1-log increase of Clostridium perfringens within the product (Code of Federal
Regulations, 2009b).
g
When the lethality process is based entirely on cooking/heating, tables with heating recommendations (times at different temperatures) are provided as standards as long as relative humidity guidelines are part of the
HACCP program (FSIS, 2017).
h
These products must be stabilized to inhibit the growth of spore-forming bacteria (e.g., C. botulinum and C. perfringens).

Heat treatment

Process

Apple juice (pH 4.0 or
less)

Plant based products

Commodity

TA B L E 7
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and walnuts (Santillana Farakos et al., 2018a) that provide
support for target performance criteria for Salmonella in
these products.
Another well-accepted approach put forth by the International Commission on the Microbiological Specifications for Foods (ICMSF) is to assess the Food Safety
Objective (FSO) for a hazard and product (Cole, 2004) at
the consumer stage, and to set performance criteria at different stages in the food chain that contribute to an FSO.
Consideration is given to the initial levels of the pathogen,
changes that occur during and after processing, distribution, storage, final preparation, and use of the product. The
FSO is expressed by the following equation:
𝐻0 −

∑

𝑅+

∑

𝐼 ≤ FSO,

(1)

where FSO stands for Food Safety Objective, H0 is the initial level of the hazard, ∑R is the total (cumulative) reduction of the hazard, and ∑I is the total (cumulative) increase
of the hazard. FSO, H0 , R, and I are expressed in log units.

3.3
Selection criteria for surrogate
microorganisms
There are many circumstances where it is necessary to
perform an inoculated pack challenge study to validate a
process. However, introduction of a pathogenic organism
into a food processing environment is not recommended.
Outside of laboratories or pilot plant facilities that are
certified for handling pathogens, surrogate organisms are
typically used for validation studies. Surrogates are nonpathogenic organisms that are used to mimic the behavior of the target pathogen in the control measure being
evaluated. Although it is critical that the strain selected
for use as a surrogate will not cause illness in humans,
it should also not be a known animal or plant pathogen
and, ideally, it should not cause spoilage in the target
food product. Proving an organism is a nonpathogen can
be challenging if there is no history of safe use (e.g., use
of Clostridium sporogenes PA3679 as a surrogate for C.
botulinum in thermal processing schedules for low-acid
shelf-stable foods; Brown et al., 2012). Some genera may
include both pathogens and nonpathogens and thus potential for pathogenicity should be determined at the strain
level. For example, Enterococcus faecium NRRL B-2354 as
a safe surrogate in thermal process validation of food products was supported by its genomic and functional characteristics (Kopit et al., 2014). Information on the evaluation of potential surrogate organisms in a variety of
foods can be found in review articles (Hu & Gurtler, 2017),
or online tables (Theofel et al., 2019). Table 8 provides
some examples of surrogate organisms for various pro-

cesses and foods. The criteria for selection of a surrogate
(Hu & Gurtler, 2017) include the following microbial properties: (i) stable and consistent growth characteristics; (ii)
easy to cultivate to high populations; (iii) high populations remain stable until utilized; (iv) easy and inexpensive to enumerate; and (v) easy to differentiate from other
microbes. The resistance of the surrogate organism to the
target treatment should be quantitatively correlated to the
pathogen of concern under the target processing conditions. Be aware that a surrogate with a different z-value
from the target pathogen may be more resistant than the
pathogen under one range of processing conditions and
less resistant at another range.
When evaluating potential surrogates, product, process,
and target pathogen(s) should be considered. For example,
guidelines for using E. faecium NRRL B-2354 as a surrogate for Salmonella in almond (ABC, 2014) and pistachio
(Barouei et al., 2018; Moussavi et al., 2020) thermal processes should be used with caution for other pathogens,
other nut types, or other nonthermal processes. Detailed
information on the use of surrogates for different products
and processes can be challenging to find. Although limiting, the thought process and data supporting selection of
the surrogate for the validation study should be included
in the validation report.

3.4
Use of time–temperature
integrators and other tools
An alternative approach to using live microorganisms
is to use time–temperature integrators (TTIs). These are
enzymes such as amylases and peroxidases that have welldefined thermal properties and kinetics of inactivation,
similar to those of the target microorganism. The naturally
occuring enzyme alkaline phosphatase has been used
for many years as indicator of pasteurization efficacy in
bovine milk due to its higher heat resistance compared to
C. burnetii. (Boor & Murphy, 2002). TTIs tend to be limited
to pasteurization temperatures and are particularly useful
where conventional temperature probes cannot access the
process environment and where a challenge test is difficult
or not possible. These TTIs need to be encapsulated in
synthetic beads or tubes to prevent them coming into
contact with the food or the processing environment. The
encapsulating materials can be designed to reflect the heat
transfer characteristics of the food material so that the
TTI can provide a true indication of the thermal process
delivered to the food itself. One important requirement for
TTIs is that they must be easily retrievable so that the level
of denaturation of the enzyme can be measured and that
the D-value is large enough to allow residual activity to be
measured.

Dry heat sterilization

Thermal processing, roasting,
extrusion

Hot water and lactic acid spray
treatment

Gamma irradiation

HPP

Packaging equipment and
materials

Propylene oxide (PPO)

Dry heat

Thermal processes

Hot water and acid
interventions

Irradiation

High pressure
processing
(HPP)

Hydrogen peroxide

Chemical

Heat treatment

Chlorine treatment, trisodium
phosphate, glutaraldehyde,
ethanol

pH treatment

Thermal

Chemical

Acid

Viral surrogates

Low-acid canned foods

Autoclave/Retort

Moist Heat/ Steam

Water

Water, Formica surface

Water

Cashews, Macadamia nuts

Ground beef

Spices

Beef carcasses

Almonds, cocoa beans,
pistachios, seasonings,
chicken meat powder, pet
food, oat flour, wheat flour

Contact surfaces

Food

Examples of surrogate organisms for various lethal agents and foods

Sterilization
method
Application(s)
Bacterial surrogates

TA B L E 8

Murine norovirus

Murine norovirus

Murine norovirus, Tulane
virus

E. faecium ATCC 8549;
Pediococcus acidilactici
ATCC 8042

Bacillus atrophaeus NCA 72-52
(SA22)

Nonpathogenic E. coli ATCC
BAA-1427, ATCC 1428,
ATCC 1429, ATCC 1430,
ATCC 1431

Enterococcus faecium NRRL
B-2354

Nonpathogenic fluorescent
protein–marked Escherichia
coli

Caution should be used when
extrapolating surrogate
virus data for human
norovirus

Formerly Bacillus subtilis A or
B. subtilis var. globigii

Hirneisen and Kniel, 2013

D’Souza and Su, 2010;
Hirneisen and Kniel, 2013

Hewitt et al., 2009; Hirneisen
and Kniel, 2013

Saunders et al., 2018

Ito et al., 1973

Woerner et al., 2018

Arias-Rios et al., 2019

Cabrera-Diaz et al., 2009

Bianchini et al., 2014; Ceylan
and Bautista, 2015; Jeong
et al., 2011; Liu et al., 2018;
Rachon et al., 2016; Tsai
et al., 2019; Verma et al.,
2018

Formerly Pediococcus sp.
NRRL B-2354

E. faecium NRRL B-2354

Bigelow, 1921; Bigelow et al.,
1920; Bigelow and Esty,
1920; Donk, 1920; Goldblith
et al., 1961; Schill et al., 2016;
Stumbo et al., 1950

Widespread use of PA 3679
resulted in genetic diversity
of strains.
Formerly Bacillus
stearothermophilus

Donk, 1920; Murrell and Scott,
1966

References

Notes

G. stearothermophilus
NCA1518 (ATCC 7953, DSM
5934)

Clostridium sporogenes PA
3679; Geobacillus
stearothermophilusNCA1518
(ATCC 7953, DSM 5934);

Test microorganism
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One other tool that may be used in thermal process validation studies is to employ encapsulated microorganisms,
through use of alginate beads. The same principle for TTIs
applies here, where the beads must be recovered after the
thermal process is applied, to determine the level of survival. An advantage of alginate beads is that they can be
used to validate the efficiency of heat treatments of particulate foods (Brown et al., 1984; Gaze & Brown, 1990).

4
OBTAINING SCIENTIFIC AND
TECHNICAL EVIDENCE FOR PROCESS
VALIDATION
The Codex Alimentarius defines validation as obtaining
evidence that a control measure or combination of control measures, if properly implemented, is capable of controlling the hazard to a specified outcome (Codex Alimentarius Commission, 2008). This implies the collection
and evaluation of scientific, technical, and observational
information. When experimental microbiological data are
obtained in well-designed validation studies for the relevant target pathogens or surrogates in the product of interest, then evaluation of these data will provide quantitative evidence whether the control measure is capable of
controlling the hazard (see Section 4.2.1). However, collection and evaluation of already available microbiological data from various sources on the target pathogen or
surrogate organism in the product type of interest can be
used as an initial confirmation of the efficacy of an inactivation intervention and can serve as part of the weight of
evidence to support a validation study (see Section 4.2.2),
where this is required. The replacement of microbiological
validation studies by collecting and evaluating only technical evidence of the performance of intervention equipment
(e.g., time and temperature profiles at the coldest spots for
thermal treatments) is only acceptable for processes and
process criteria that have been established over time by
consensus and regulation (see Table 7 and Figure 1). For
some exceptional cases, published predictive inactivation
models are accepted as replacement for microbiological
validation studies (Ross & Shadbolt, 2004), but these predictive models have been built for very specific pathogen–
food combinations and are based on reliable and robust
experimental datasets for the target pathogens–food combination.

4.1

Data collection

Various sources of data and information can be used to
support a process validation study. These include scientific
literature, microbiological risk assessments published by

international organizations (e.g., World Health Organization [WHO], Food and Agriculture Organization [FAO])
or governmental agencies, public databases (e.g., ComBase, www.combase.cc), historical data from previous validation studies from industry or equipment manufacturers, among others. Sources of data should be trustworthy
to prevent use of data from predatory publishers or journals. The types of data and information can be different
depending on the source and technical needs, for example, these can be presence and absence data following processing, log-reduction values, actual enumeration data as
a function of time, or fitted kinetic parameters from inactivation curves (see Section 4.2.1). For thermal inactivation of some pathogen–food combinations, a considerable
amount of data may already exist in the public domain
(e.g., C. botulinum in low-acid ambient stable foods or L.
monocytogenes in dairy foods), whereas this may not be
the case for other pathogens and/or foods, or for less commonly used inactivation intervention technologies.

4.1.1
Suitability of collected scientific and
technical evidence for process validation
Microbial inactivation kinetics can be highly variable
depending on the parameters and conditions used in each
study reported in different sources. When gathering data
and information from different sources, there are important factors that must be considered in terms of their relevance and suitability for the process validation study of
interest. These factors can include:
1. Choice of strains and cocktails versus single strains,
for example, culture collection or reference strains
versus “real-world” isolates from manufacturing environments or contamination incidents, and surrogate
organisms—these may have very different susceptibility profiles for the intervention being validated (see also
Section 3);
2. Inoculation protocol (wet versus dry inoculum, surface
inoculation, spraying, or core inoculation);
3. History of strains prior to intervention, for example,
sporulation conditions, salt or low-temperature adaptation, number of passages or subculturing steps, and
growth phase, can all result in different inactivation
kinetics;
4. Substrate or matrix effects, for example, data generated
in laboratory media versus food matrices can show different inactivation dynamics for the same strain, for
example, due to presence of fat in the matrix (see also
Section 4.2.2). For heterogeneous products (e.g., composite products), more test samples may be required
compared to homogeneous products (e.g., liquids or
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5.

6.

7.

8.

pastes) (see also “Samples, number of batches, and
replicates” section);
Injury effects, for example, use of selective versus nonselective media for recovery of injured cells, can lead
to overestimation of reduction in the microbial population (see also “Analysis of test samples” section)
because technologies such as PEF and HPP processing
can result in temporary membrane damage that may be
repaired;
Sampling and testing procedures used to obtain the data
may be insufficient for the application under consideration;
Interaction effects, for example, combination preservation approaches involving thermal and nonthermal
technologies can lead to misinterpretation of the main
contributing mechanism of action of the total process
being validated (e.g., there may be localized or unmeasured heating effects as a consequence of the intervention technologies applied);
Scale of the testing (laboratory, pilot plant, factory), for
example, did the laboratory challenge testing properly
reflect actual processing parameters and conditions?
Additional safety margins may be required to account
for the uncertainty or variability of the control measure
in achieving the desired level of control when implemented in a full-scale operation (see also Section 5).

4.2

Data evaluation

Already available microbiological data from various
sources must be carefully reviewed. The field of quantitative microbiology aims to describe and predict the
behavior of microorganisms in a quantitative manner
based on available data. Predictive modeling outputs
can be used to support a validation study and also to
design inactivation regimes with appropriate time and
temperature combinations to reduce a target pathogen to
a specified outcome.

4.2.1

Estimation of kinetic parameters

When log-reduction values or actual enumeration data as a
function of time are available, then these data can be quantitatively reviewed to obtain estimates of kinetic parameters. Microbial log counts as function of time can be fitted with primary models to estimate the kinetic parameters of the inactivation curvature at isothermal conditions.
When a linear model is fitted to the surviving log counts
over time, the negative reciprocal of the slope results in the
decimal reduction time, or the D-value, which is the time
to reduce the microbial concentration by a factor 10.
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This concept of log-linear inactivation modeling fails to
assess accurately inactivation curves with clear non-loglinear behavior. Shoulders, tails, and biphasic inactivation
behavior can be observed in an inactivation curve (Pflug
& Gould, 2000). These phenomena can be modeled with
various non-log-linear inactivation models as described by
Geeraerd et al. (2000), Den Besten et al. (2018), Li et al.
(2007), and Smelt and Brul (2014). Observation of a shoulder in the inactivation curvature can have various reasons (Cerf, 1977), among other, clumping of cells or spores
and/or presence of critical components that need to be
destroyed before cells are inactivated (Geeraerd et al., 2000,
2005). When an extremely resistant minor population is
present (e.g., spores in a population of vegetative cells),
horizontal tailing of the inactivation curve will be observed
(Den Besten et al., 2006). Caution should be taken to incorporate a horizontal tailing phenomenon in a model (i.e.,
no further microbial reduction when heat treatment time
continues) as only for rare conditions there is a minor
subpopulation present that is not inactivated at all over
time (Zimmerman et al., 2014). Presenting inactivation
data by a horizontal tail while these data are below the
detection limit is clearly incorrect. On the other hand, the
presence of a resistant minor population of cells has been
reported for various pathogens in laboratory conditions
(Abee et al., 2016; Metselaar et al., 2013; Mortier et al.,
2019) and can be modeled with biphasic inactivation models. Available fitting tools, for example, the user-friendly
freeware fitting tools GInaFiT and DMFiT (GInaFiT: Geeraerd et al., 2005; https://cit.kuleuven.be/biotec/software/
GinaFit; DMFiT: www.combase.cc), can be used to assess
non-log-linear microbial inactivation curves with various
inactivation models. Care should be taken when nonlog-linear inactivation phenomena are fitted in the primary modeling step with multiple kinetic parameters as
this complicates the secondary modeling step. In addition,
when observing nonlinear kinetics and unusually lengthy
survival times, artifacts linked to methodology should be
ruled out, such as dry heating that may occur when the
heating medium is allowed to dry on the sides of the heating vessel (Zimmerman et al., 2014).
In the secondary modeling step, the kinetic parameters
are modeled as function of an intrinsic factor such as pH
and aw (Coroller et al., 2001; Mafart & Leguerinel, 1998) or
an extrinsic factor such as temperature. When a log-linear
primary model is used to fit the inactivation data, then
the secondary modeling step is rather straight forward,
because the kinetic data are described by only one kinetic
parameter, that is, the D-value. In the secondary modeling
step, the D-value can then be modeled, for example,
as function of the temperature (Stumbo, 1973), and the
resulting z-value equals the temperature increase to
reduce the D-value with a factor 10. This z-value and the
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D-value at a reference temperature can be used further
to predict D-values at various temperatures and subsequent microbial reductions for various time–temperature
combinations. Once time–temperature profiles are
known for the thermal intervention treatment, then the
efficacy of dynamic temperature profiles can also be
predicted.
When inactivation data are fitted with non-log-linear
primary models, then more than one kinetic parameter is
obtained in addition to the D-value, which also has to be
taken along in the secondary modeling step. A practical
approach might be to fix the non-log-linear curvature
parameter at a mean value based on the available inactivation datasets (Fernández et al., 2002), which is then used
for prediction purposes. It might be advocated to model
the target reduction of the heating step. For example,
when the target reduction of the heat treatment is six
decimal reductions (i.e., factor of 1-million-fold reduction), then it might be recommended to use the primary
model to estimate the time for 6-log reductions instead of
the first decimal reduction time (Metselaar et al., 2013).
Nonetheless, attempts to adequately model non-log-linear
inactivation data for further use in secondary modeling to
predict efficacy at other time/temperature regimes result
in extrapolation of non-log-linear phenomena. However,
a certain inactivation curvature between 8 and 2 log
CFU/mL might not be exactly the same at realistic lower
ranges from, for example, 2 to −4 log CFU/mL, depending
on the mechanism underlying the curvature, that is often
not known. When non-log-linear behavior in primary
modeling is not clearly demonstrated, it may be argued that
for prediction purposes the simple log-linear model could,
and should, be used as the impact of minor deviations in
temperature, reproduction errors, and strain variability on
kinetic parameters is often much higher than the impact
of nonlinearity of inactivation curves (Den Besten et al.,
2018). In fact, to date, log-linear primary modeling continues to be the most commonly used modeling approach
by industry practitioners working in process validation
and there does not appear to be any evidence that such
approaches lead to situations allowing survival of target
pathogens.

4.2.2

Meta-analysis

A meta-analysis can serve as a way to systematically
compile and analyze a large collection of heat inactivation
datasets from available in-house data, published studies,
or databases aiming to integrate the findings (e.g., the Dvalue as function of temperature) and to produce a global

estimate of the parameter(s) of interest (e.g., the D-value
at a reference temperature). Because a meta-analysis gives
a quantitative summary of results of various individual
studies, it also gives information about the corresponding
variability among the data of the individual studies. The
variability among the studies originates from various
sources, among others, strain differences, and differences
between products. Hence, the meta-analysis can point
to dominant factors influencing the parameter of choice.
Van Asselt and Zwietering (2006) extracted more than
900 log D-values of L. monocytogenes from literature for
different temperatures, strains, matrices of food products,
and media (Figure 4a). The D-values reported for matrices
with high salt concentrations or low aw (<0.9) were, not
unexpectedly, significantly higher than those reported for
other product types (Figure 4a). In the study of Van Asselt
and Zwietering (2006), 226 D-values were reported in milk,
and then one can progress to a more detailed estimation of
the parameter of interest providing opportunities for less
conservative estimation of parameters (Figure 4b; Table 9).
The available data should be broad enough to represent
the expected real variation to prevent underestimation
of variability. The parameters of the secondary model
(e.g., the z-value and the log D-value at the reference
temperature) determine the prediction of the D-values
at any other temperature, and only slight differences in
these parameters can significantly influence the predicted
outcome. Table 9 shows the z-value and the D60 -value of L.
monocytogenes in various product groups that were based
on different datasets. Aryani et al. (2015) quantified in
detail the heat resistance of 20 L. monocytogenes strains in
broth (Aryani et al., 2015; Figure 4c) and reported a slightly
lower z-value than the reported z-values in milk and in
other products that were based on a meta-analysis (Den
Besten & Zwietering et al., 2012; Van Asselt & Zwietering,
2006), whereas the average D60 -values were rather comparable in these different datasets. Subsequent prediction of
the log D72 -value resulted in a clear difference among the
datasets. This illustrates that comparison of predictions
based on different datasets is worthwhile. When very low
D-values have to be estimated, then one might want to use
such datasets to predict outside the experimental range
of the underlying data. Caution should be used as this
procedure can result in prediction errors and uncertainty
because slight differences in z-values have significant
impact on predicted log D-values based on extrapolation.
A meta-analysis can serve to provide quantitative insight
in the heat resistance of the target pathogen but can also be
used to compare the heat resistance of relevant surrogate
organisms with the target pathogen (Diao et al., 2014; see
Section 3.3).

Aryani et al., 2015
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F I G U R E 4 Heat resistance of Listeria monocytogenes in
various matrices. Log D-values in various products except those with
low aw (black, ◊) and in low-aw products (gray, ∆) (panel a), and
log D-values in milk only (black, ◊) (panel b), and log D-values of 20
L. monocytogenes strains heat inactivated in broth (gray, ○) (panel
c). Dashed lines represent the 2.5% and the 97.5th percentiles of the
log D-values in various products except those with low aw (black
lines, panels a and c) and in low-aw products (gray lines, panel a),
the 2.5% and the 97.5th percentiles of the log D-values in milk only
(black lines, panel b), and the 2.5% and the 97.5th percentiles of the
log D-values of 20 L. monocytogenes strains heat inactivated in broth
(gray lines, panel c). Log D-values were obtained from Van Asselt
and Zwietering (2006), Den Besten and Zwietering (2012), and
Aryani et al. (2015) for panels a, b, and c, respectively

5
LABORATORY, PILOT PLANT, AND
IN-PLANT STUDIES
5.1

Laboratory validation studies

Laboratory validation (i.e., inactivation) studies are
accepted as alternatives (NACMCF, 2010) to in-plant trials
to demonstrate the inactivation of pathogens of concern
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in some foods/processes. Thermal death time studies
have been successfully used to demonstrate the thermal
inactivation kinetics of pathogens. D-value and z-value
data allow food manufacturers to make changes to process
time and temperature, and to predict the outcome (see
Section 4). Inactivation studies may be performed in the
laboratory using both the pathogen and a surrogate organism to determine the correlation between representative
strains of the pathogen and the surrogate (see Section 3.3).
This correlation is used to predict the level of pathogen
inactivation from surrogate data. The correlation between
the pathogen and surrogate is specific to the process and
products. It should be verified for different processes
such as baking, roasting, cooking, dry heat, moist heat,
sanitizer application, and UV light treatment. In addition,
the correlation should not be extrapolated outside the
verified temperature, moisture, or chemical concentration
levels. A minimum biosafety level 2 (BSL2) laboratory is
required to conduct studies with foodborne pathogens
(note: in some countries, BSL3 is required for handling
Shiga-toxin producing E. coli and certain viruses). The
pathogen of concern should be established for specific
foods and processes (see Section 3.1). Natural microbiota
may affect the inactivation of pathogens during processing
and storage. It may be useful to analyze the test product to
determine levels of natural background microorganisms
before and after the process and during product storage
(NACMCF, 2010).

5.2

Pilot plant studies

Pilot plant trials allow processors to perform validation
studies under actual commercial processing conditions
(Codex Alimentarius Commission, 2008). Data generated
in the laboratory trials or mathematical models may be
confirmed in the pilot plant. A minimum BSL2 pilot plant
is required to conduct validation studies with pathogens
(ICMSF, 2011; Scott et al., 2005). Scale-up studies may
be needed under the commercial processing conditions
(treatment temperature and time, sample preparation,
filling, etc.) to confirm the data generated in the pilot
plant.

5.3

In-plant studies

In cases where replicating actual processing conditions
cannot be reproduced in a laboratory or pilot plant, the
food processors may choose to collect in-plant validation data using an appropriate surrogate (FDA, 2009;
NACMCF, 2010) demonstrating that the control measure

is effective and functioning as intended. Table 10 summarizes the advantages and the disadvantages of laboratory,
pilot plant, and in-plant studies. The use of pathogens
in a food plant is not recommended. In-plant validation
requires a nonpathogenic surrogate microorganism that
has resistance characteristics similar to the pathogen of
concern (see Section 3.3). Alternatively, use of TTIs where
the kinetics of denaturation of the TTI (usually an enzyme)
used matches that of the target microorganism may be
employed for the process validation (see Section 3.4).
The use of TTIs is described in more detail by Tucker
(2004, 2008). Validation in a processing facility should
be conducted under the worst-case scenario production
conditions. The use of large amounts of product may not
be feasible. Inoculation of smaller batches that are treated
under typical commercial plant conditions may be used
to run trials. In order to separate inoculated samples from
noninoculated carrier product, a mesh bag, plastic netting,
or metal cages may be used. Products with different
colors (e.g., green peppers mixed with inoculated red
peppers) may also be used to retrieve inoculated samples
from the line. In some applications, inoculated samples
may be dyed with food-grade colorant to create color
contrast. Inoculated samples should be embedded in the
product.

5.4

Examples of case studies

This document aims to provide a comprehensive approach
to perform a validation study. The design of an experimental outline can be complex, and needs to be developed
for each study by a qualified individual. Table 11 summarizes the framework of the validation studies using
four products, extruded breakfast cereal, pasteurized
chocolate sauce, roasted almonds, and salad dressing, which uses acidification as a preventive control.
These examples are not complete and are used to
illustrate the backbone of an appropriate validation
study.

6
CONDUCTING A VALIDATION
STUDY
6.1

Preparing for validation

Prior to conducting a validation study, it is important
to make the necessary preparations including assembling the validation team and establishing prerequisite
programs.
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Advantages and disadvantage of laboratory, pilot plant, or in-plant studiesa

Laboratory and pilot plant studies

In-plant studies

1. Pathogens of concern are used for
validation
2. Pathogens maybe used in a pilot plant if
biosafety level 2 capabilities are present
3. If necessary for further plant studies,
pathogens and surrogate can be
validated simultaneously to determine
the correlation between the pathogen
and the surrogate
4. Thermal death time (TDT) data are
generated for pathogens. The D-value
and z-values are used to generate
models for the process
5. Dry or wet inoculation can be
performed under controlled conditions
6. Microbiological laboratories may offer
the level of expertise to effectively
execute the studies
7. It may not always possible to mimic the
processing condition in the laboratory
8. Data generated in a laboratory need to
be able to be scaled up to plant
conditions based on the intended
process
9. Identified and tested critical parameters
need to be measurable in industrial
process

1. Use of pathogens is not recommended
in a processing plant
2. Surrogate culture needs to be proven to
be adequate for the process and
product(s)
3. Adequate heat resistance of surrogate
culture (new crop) needs to be proven
for each trial
4. Inoculation may be applied either in a
microbiological laboratory or at the
plant site
5. An experienced professional, qualified
individual, or process authority is
needed to run trials
6. Actual processing parameters are
validated for a specific product and
equipment
7. Multiple scenarios can be validated
(e.g., various temperatures, belt speed,
product depth, etc.)
8. Plant trials can be costly and may
interrupt daily operations
9. Large amounts of product may be
needed to run the trials or inoculated
products need to be confined
10. Disposition of products used during
validation runs need to be decided on
before
11. Processing environment needs to be
cleaned and sanitized upon
completion of the study

Information taken from Codex Alimentarius Commission (2008); GMA (2012, 2016); IFTPS (2011); NACMCF (2010).

6.1.1
Qualifications of an individual, or
group, conducting a validation and writing a
validation report
A broad range of expertise in several disciplines is needed
due to the complexity in designing, conducting, and evaluating the validation study. Therefore, often a team made
up of people with different expertise and qualifications
is assembled to carry out the validation and implement
the results (Anderson et al., 2017; IFTPS, 2011; NACMCF,
2010). The team should include persons who (i) are familiar with the production process/process equipment (e.g.,
equipment vendor technical experts, equipment operators,
process engineers, quality assurance), (ii) are knowledgeable of pertinent regulations, (iii) have knowledge of and
experience with evaluating microbial risks of pathogens
likely to be encountered in different foods and experience with appropriate microbiological methods, (iv) have
knowledge of and experience with the appropriate design

and methods for conducting studies related to process validation, such as temperature distribution, heat penetration,
and thermal inactivation experiments, (v) have knowledge
of the processing equipment, (vi) have knowledge of and
experience with process calculation and analysis tools, (vii)
are knowledgeable of how to design scientific experiments
and analyze data generated by studies, (viii) have conducted validations with a recognized technical expert for
at least one validation where the person follows the technical expert, or for at least one or two validations where the
person would lead the validation, but would be overseen
by a technical expert (note that the technical expert needs
to provide feedback on persons performance in writing to
qualify or not the person as a “technical expert”), (ix) have
conducted at least one or two validations per year and/or
equivalent training to keep the qualification, and (x) have
training records (with exams passed, i.e., certificate) for
recognized training on thermal processing (Campden BRI
Training on “Thermal Process validation” or accepted FDA

Extrusion with or without
pre-conditioner and oven drying

∙ Moisture content and aw level of dry
mix, added water and other
ingredients in preconditioner
∙ Post treatment moisture content and
aw level

∙ Freeze-dried culture or liquid
culture is used
∙ An atomizer, sprayer, or pipette can
be used for liquid inoculation
∙ If liquid culture is used, the product
needs to be dried to the original
moisture level at ambient
temperature and blended to prevent
clumps
∙ Each component of the product is
inoculated unless it is determined
that one of the components poses
the highest risk
∙ The amount of inoculum should
be <1% (wt/wt) of the product

Process

Critical factors
for formula

Method of
inoculation
∙ Freeze-dried culture or liquid
culture is used
∙ An atomizer, sprayer, or pipette can
be used for liquid inoculation
∙ If liquid culture is used, the aw of
the inoculum needs to be adjusted
to the aw level of the product
∙ The amount of inoculum should
be <1% (wt/wt) of the product

∙ Moisture content, aw , pH, and the
presence of preservatives
∙ Post treatment moisture content and
aw level

Pasteurization, hot holding

Thermal inactivation

Extruded breakfast cereal

Thermal inactivation

Condiments, sugars, and sweets
Chocolate sauce

Low-water activity foods with
aw < 0.920

Examples of validation case studies outlining critical parameters of experimental designa

The objective of
the study

Product
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∙ Liquid culture is used
∙ Cultures should be acid adapted
during growth
∙ Finished product is inoculated
unless it is determined that one of
the components poses the highest
risk
∙ The amount of inoculum should
be <1% (wt/wt) of the product

∙ Moisture content, aw , pH, salt, fat,
protein, sugars
∙ Preservatives and other
antimicrobials
∙ Seasonings and spices
∙ Acid type and concentration
∙ pH and preservative levels during
the course of storage

Acidification

Formula based inactivation, growth
inhibition

Salad dressing

Acidified foods

(Continues)

∙ Organism collected from bacterial
lawn on a petri dish
∙ 400 g of almonds are inoculated
with 25 mL of inoculum
∙ Inoculated almonds are dried at
ambient temperature (24 ± 2◦ C) for
24 to 72 hr to achieve <5.5%
moisture
∙ Inoculation level must be >7 log
∙ Heat resistance of inoculum is
verified
∙ Inoculated samples are stored under
refrigeration for up to 14 days prior
to use

∙ Nonpareil variety, grade U.S. No. 1,
size 27/30 almonds are suggested for
validation studies
∙ Treated with propylene oxide (PPO)
to reduce natural microbial load
Moisture content must be 4.0% to
5.5% prior to inoculation
∙ Moisture content must be <5.5%
after inoculation

Dry roasting

Thermal inactivation

Almonds (ABC, 2014)

Tree nuts and peanuts
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See Table 7 for appropriate surrogate
organism

See Table 8 for appropriate surrogate
organism

∙ Homogenous distribution of
inoculum in the test product
∙ Screw design of the extruder
∙ Barrel temperature
∙ Product temperature in the extruder
∙ Product temperature at the die
∙ Oven set and recorded temperatures
for each zone
∙ Throughput values
∙ Residence time in the extruder and
oven

Applicable
surrogate
culture for
in-plant
studies

Critical control
points,
factors, or
equipment
operating
parameters
∙ Homogenous distribution of
inoculum in the test product
∙ Jacket temperature of the tank for
batch system
∙ Product temperature in the cold spot
∙ Dwell time and product holding
time
∙ Set and recorded temperatures
∙ Batch size or throughput values
∙ Residence time at target
temperature

Salmonella and pathogenic
Escherichia. coli

Salmonella

Pathogen of
concern

∙ For in-plant studies, sufficient
amount should be inoculated to
bring the continues system to a
steady state and an additional 5 to
10 min run time to collect inoculated
and treated samples from the line
∙ If a batch system is used, then the
product should be inoculated at the
maximum load.
∙ For laboratory trials, 1 to 20 kg of
product are sufficient

Condiments, sugars, and sweets

∙ For in-plant studies, sufficient
amount should be inoculated to
bring the line to a steady state and
an additional 5 to 10 min run time to
collect inoculated and treated
samples from the extruder and oven
∙ For laboratory trials, 1 to 20 kg of
product are sufficient depending on
the number of pathogens and
scenarios tested

Low-water activity foods with
aw < 0.920

(Continued)

Batch size for
inoculation

Product
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∙ Homogenous distribution of
inoculum in the test product
∙ Samples are stored at typical storage
conditions and a mild abuse
temperature
∙ A minimum of five sampling
intervals are performed during the
course of the study for both
uninoculated control and inoculated
samples

NA

Salmonella and pathogenic E. coli

∙ In-plant studies are not necessary
for formula-based inactivation
∙ A sample size of 10 to 100 g should
be sufficient for individual samples
∙ A batch inoculation may be
performed and subsamples are
prepared from the inoculated batch
∙ Alternatively, uninoculated samples
(10 to 100 g) can be dispensed into
sterile containers or tubes, and
inoculated individually

Acidified foods

(Continues)

∙ The temperature of the roaster is
mapped to identify potential cold
spots in the line
∙ Validation trials are conducted at
identified cold spots
∙ Samples are tempered at ambient
temperature before trials
∙ Treated samples chilled
immediately after trials
∙ Samples stored and shipped
refrigerated

Enterococcus faecium NRRL B-2354
(ATCC 8459)

Salmonella

∙ Multiple inoculated batches (400 g)
can be pooled
∙ 50-g samples are used for trials
∙ Samples (50 g) are dispensed into
mesh bags, baskets, or other suitable
container to incorporate into
processing line

Tree nuts and peanuts
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a

Three replicate trials with five to 10
samples before and after treatment

Determined based on risk assessment
or reference guidelines

An approved method for both
microbiological and chemical
analysis (e.g., ISO, AOAC, FDA,
CMMEF)

Significance of data reported for
predetermined acceptance criteria

Sampling
protocol

Acceptance
criteria

Methods of
analysis

Data analysis

Condiments, sugars, and sweets

Acidified foods

Significance of data reported for
predetermined acceptance criteria

Minimum log-reductions are reported

The ABC or FDA protocol for
microbiological analysis. AOAC
method for moisture

An approved method for both
microbiological and chemical
analysis (e.g., ISO, AOAC, FDA,
CMMEF)

An approved method for both
microbiological and chemical
analysis (e.g., ISO, AOAC, FDA,
CMMEF)
Significance of data reported for
predetermined acceptance criteria

4-log reduction

A minimum of three replicates is
required

Tree nuts and peanuts

Determined based on risk assessment
or reference guidelines

Three replicate lots with duplicate
samples for each time interval

Determined based on risk assessment
or reference guidelines

Three replicate trials with five to 10
samples before and after treatment

This table lists parameters to consider in designing a validation study. It is the responsibility of the food safety team or process authority in each company to determine all relevant aspects of validation.

Low-water activity foods with
aw < 0.920

(Continued)

Product

TA B L E 1 1
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training for low-acid canned foods, e.g., “Better Process
Control School”).

6.1.2

Prerequisites

Prior to conducting a validation study, the validation team
should demonstrate that the process equipment has been
designed, fabricated, instrumented, and is capable of operating within the prescribed parameters (see Section 2).
All critical process control sensors must be installed, calibrated, and properly documented (IFTPS, 2011). The team
should also ensure all test equipment sensors and devices
used for validation are properly maintained and calibrated
before use (IFTPS, 2014). Additional programs are important to ensure a validation remains valid, but are not
strict prerequisites to validation (IFTPS, 2011), namely,
a Preventive Maintenance program, a Calibration program, Management of Change Control program, and a
Comprehensive Training program.

6.2
Key technical elements of a
validation plan
There are several publicly available published guidance
documents from academic, industry, or independent scientific authorities (Table 12) that provide a framework for
validating processes for a variety of products and processes.
The validation principles central to each may be applied to
other products and processes, but not indiscriminately. For
example, the Almond Board of California (ABC) protocol
for Guidelines for Using E. faecium NRRL-B-2354 as a surrogate microorganism in almond process validation (ABC,
2014) should be applied to other nuts with caution; a separate guideline specific to pistachios is available (Barouei
et al., 2018). Similarly, the guideline developed for validating oil roasting of almonds (ABC, 2007c) should not be
applied to dry roasting.
The key technical elements of a validation plan include
the description of the performance criteria, the critical
parameters, and the process criteria. The performance criteria must be defined by either using safe harbor values
(see Table 7) or going through the process of defining them
(see Section 3). Although published guidance values refer
to defined performance criteria, they do not always include
process criteria (e.g., milk pasteurization at 72◦ C for
15 s). So, in many cases process criteria need to be determined by the validation team. For that, the selected process
steps need to be reviewed to define the critical parameters,
that is, understand the mode of action against microbes.
For example: In a process, flow rate, steam addition, and
exit temperature are measured. Because exit temperature is
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driven by the amount and temperature of the steam added,
the exit temperature and flow rate would be critical parameters in the process, but not necessarily the steam addition.
The next step here would be to review existing data (literature and databases) to find out if process criteria (critical
limits of those critical parameters) could be defined. That
review needs to be performed by a professional who can
ensure and compare the adequacy of published data versus the products and processes to be validated. Where adequacy can be shown, critical limits can be defined based
on previously defined performance criteria. For example,
milk pasteurization at 72◦ C for 15 s is suitable for raw milk
and unconcentrated milk. However, concentrated milk or
milk with higher fat values needs to undergo a more severe
heat treatment to achieve the same performance criteria. If
adequacy cannot be demonstrated, with a robust design of
experiments, a laboratory study could be used to determine
statistically which parameters have the most significant
effect on lethality. Critical limits for process criteria can
also be set by using empirically defined critical parameters
based on current operational parameters; that is, define the
lowest conditions at which the process can be run and use
these as preliminary critical limits for validation. When
using an empirical approach, if target performance criteria are not met, critical limits may need to be adjusted and
the process revalidated.
Validation trials should be conducted under the worstcase scenario to provide conservative results, and the
worst-case scenario should be described in the validation
plan. Worst-case parameters are those parameters that
contribute to least lethality in a process, for example,
coldest incoming product temperature, lowest treatment
temperature, shortest exposure time, maximum throughput level, and other parameters. Temperature mapping
or heat penetration studies should be performed before
equipment is first used and after any significant changes
to equipment, product, or process. Position of temperature
probes or other instrumentation used to monitor critical
parameters may sometimes be placed at sites that do not
reflect product temperature. This is likely to be more prevalent in equipment that has uneven distribution of temperature or steam, and also relates to incoming temperature
of materials being processed. Product-specific worst-case
parameters refer to, for example, the highest pH, lowest
moisture, lowest temperature, and shortest exposure time.
The batches of product used in validation studies should
be representative of normal production with adjustments,
if necessary, to yield worst-case formulation. Treatment
parameters should account for variability in product
formulation factors (e.g., pH, aw ) within and among
lots and process variability (e.g., temperature) between
batches or over time for continuous systems. The greater
the variability in process parameters, the more measure-
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Publicly available published guidelines for validationa

Product

Process

Guideline

References

Variety of foods

Variety of processes

Parameters for Determining Inoculated
Pack/Challenge Study Protocols

NACMCF, 2010

Low-acid canned foods

Thermal processes

Guidelines for Conducting Thermal Processing
Studies, February 2014

IFTPS, 2014

Aseptic, shelf-stable

Chemical (e.g.,
hydrogen peroxide)

Guidelines for Microbiological Validation of
the Sterilization of Aseptic Filling Machines
and Packages, Including Containers and
Closures, G.005.V1, 2012

IFTPS, 2011

Low aw /moisture
foods

Thermal processes

Validation requirements in heat-processed
low-moisture foods

Anderson et al., 2017

Low aw /moisture
foods

Thermal processes

Validating the reduction of Salmonella and
other pathogens in heat processed
low-moisture foods

Anderson & Lucore,
2012/2020

Baked goods

Thermal
processes/baking

Validating the reduction of Salmonella and
other pathogens in heat-processed
low-moisture foods: Spotlight on baking

OpX Product Safety
Solutions Group, 2016

Almonds

Thermal processes

Guidelines for Using Enterococcus faecium
NRRL-B-2354 as a Surrogate Microorganism
in Almond Process Validation, July 2014

ABC, 2014

Almonds

Blanching

Guidelines for Validation of Blanching
Processes, v1.0, April 13, 2007

ABC, 2007a

Almonds

Dry roasting

Guidelines for Validation of Dry Roasting
Processes, v1.2, October 23, 2007

ABC, 2007b

Almonds

Oil roasting

Guidelines for Validation of Oil Roasting
Processes, v1.0, April 13, 2007

ABC, 2007c

Almonds

Propylene oxide
treatment

Guidelines for Validation of Propylene Oxide
Pasteurization, v3.0, October 1, 2008

ABC, 2008a

Almonds

Propylene oxide
treatment

Guidelines for Validation of Propylene Oxide
Treatment for In-shell Almonds, v2.0,
October 1, 2008

ABC, 2008b

Pistachios

Thermal processes

Guidelines for Using E. faecium NRRL-B-2354
as a Surrogate Microorganism in Pistachio
Process Validation

Barouei et al., 2018

Variety of foods

Variety of processes

Guidelines for the validation of food safety
control measures

Codex Alimentarius
Commission, 2008

Nuts

Variety of processes

Industry Handbook for Safe Processing of Nuts

GMA, 2016

Variety of foods

Product formulation

Guidelines for conducting Listeria
monocytogenes challenge testing of foods

Scott et al., 2005

Note: This table is adapted and updated from Anderson et al. (2017).

ments are needed to minimize uncertainty in production
capability. Variability in treatment parameters should
be used to specify the threshold value of critical control
limits.
Once all the above are defined, the process steps to be
validated should be re-reviewed to ensure that the process is described (operational procedures and limits), controlled (operational limits are met, includes reliable measurements and corrective actions), and reproducible (trend
analysis shows no drift).

6.3

Validation study

Once the approach to validation has been decided and the
validation plan has been developed, the microbiological
challenge test can be conducted with subsequent analysis
of data. Guidance on microbial challenge tests is given in
various documents (e.g., GMA, 2012; ISO, 2019; NACMCF,
2010). An alternative approach is to use TTIs, where a safe
harbor is already established as described above, which
can provide a means of validation where use of wire-based
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thermal process monitoring systems is not possible. The
following sections describe several important elements to
consider when conducting the microbiological challenge
test.

6.3.1

Microbiological challenge test

Preparation of inoculum
Cultures are typically stored frozen or in a powder
form. Strains should be revived in a nonselective growth
medium. Two successive transfers are recommended. The
selection of growth media, incubation temperature, time,
and gaseous environment can have a significant impact on
culture growth, cell characteristics, and the outcome of the
study (GMA, 2012; IFT, 2003; NACMCF, 2006). Stationary
phase cells (18 to 24 hr) grown in nonselective media under
optimal growth conditions should be used for growth (IFT,
2003). Cultures may be acid-adapted for low-pH products
or cold-adapted for refrigerated products. Collecting cells
from solid media rather than broth (Keller et al., 2012;
Lieberman et al., 2015; Uesugi et al., 2006
) or use of dried preparations may be necessary for lowmoisture products (GMA, 2012; IFT, 2003; NACMCF, 2006;
Xu et al., 2020). When multiple strains are used, composite cultures should be combined to include approximately
equal numbers of each strain. Centrifuged cultures should
be suspended in a buffer or other appropriate carrier. In
the event of extended storage, the inoculum level should be
verified before trials. When conducting microbial inactivation studies in a food processing facility using surrogates,
culture growth, product inoculation, and sample preparation should be performed in a food-grade laboratory or in
a designated area, where no pathogen work is conducted.
Inoculation procedure
Test products are typically inoculated at a level of approximately 2 logs above the targeted lethality level. For example, if a 5-log reduction is desired, the product is inoculated
at approximately 7 logs (GMA, 2012). The inoculum volume should be less than 1% of the sample amount to avoid
changes to the product characteristics. Inoculation methods may differ among products based on product characteristics. Liquid inoculum can be used for high-moisture
products. Dry inoculation is the preferred method for lowmoisture products to avoid added moisture that may come
from the wet inoculum. However, if a liquid culture suspension is used to inoculate low-moisture products, then
the product should be air-dried to remove excess moisture
until the original moisture is achieved (e.g., 24 to 72 hr)
(ABC, 2014; IFT, 2003; NACMCF, 2010). Inoculated lowmoisture products may be stored for several days prior to
trials; longer holding times may be acceptable with ade-
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quate data to support the practice (Buege et al., 2006; IFT,
2003; Porto-Fett et al., 2008). In some cases, it may be
appropriate to wait between inoculation and sample processing to allow the inoculated bacteria to adapt to the food
environment (Porto-Fett et al., 2008).
For in-plant pilot or plant validation studies, inoculation
can be made either in the laboratory or at the test facility. High-moisture products may be inoculated on-site as
it is easier to ship the culture suspension. On-site inoculation is recommended for the product that may lose
its integrity and initial characteristics (e.g., product size,
shape, density, moisture) during shipping from the laboratory to the test facility. Liquid surrogate culture should
be shipped and stored refrigerated (4◦ C) until use. Freezedried (lyophilized) culture may be shipped at ambient
temperature, but refrigerated shipment and storage is recommended. The inoculum level may be impacted during
shipment, and therefore, the culture suspension or inoculated test products should be shipped overnight to the test
facility.
Reductions in concentrations of the surrogate may occur
in inoculated products due to inherent factors such as low
pH, low moisture, antimicrobial compounds, or prolonged
storage time. In the event of an extended storage, the inoculum level and stability (e.g., thermal resistance) should be
verified before trials.

Samples, number of batches, and replicates
The variability in treatment parameters is used to specify
the threshold value of critical control limits. The higher
the system variability, the more replicates and samples
are needed to understand the impact on variability in
microbial inactivation, and to minimize uncertainty in
production capability (NACMCF, 2010). Replicates should
be independent trials (new batch of product, inoculum,
etc.) to account for variability. For lethality studies, three
or more samples are recommended for each time interval,
including untreated control samples. Five to 10 samples
are recommended per replicate trial for an end-point
study.
Due to the cost and operational constraints of running
validation tests, fewer replicates and samples are often targeted. No fewer than two samples per time point should
be collected with three independent replicates. Two replicates may be adequate for low-variability systems; however, three or more samples per time point are necessary
if only two independent replicate trials are completed.
As appropriate to the scale of the study-lab, pilot plant,
or commercial production-samples must be of sufficient
quantity to provide confidence in the results. Rationale
should be provided by a process authority or qualified
individual for the chosen number of samples and test
repetitions.
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Placement of inoculated samples in-line
Inoculated samples should be embedded into product bed
at the least lethal point (e.g., cold spots or zones [where
relevant]) or added to the system to mix with product flow.
Special consideration should be given to the impact of a
sample holder (e.g., mesh bags, wire baskets) if one is used
to contain samples (ABC, 2014).

Examination of Foods (CMMEF; APHA, 2015), AOAC
International Official Methods of Analysis (AOAC, 2016),
ISO 67.050 General methods of tests and analysis for food
products (ISO, 2018), USDA FSIS Microbiology laboratory
guidebook (FSIS, 2018), and FDA Bacteriological Analytical Manual (FDA, 1998).

Collection of inoculated samples from line and shipment
to laboratory
Treated samples should be collected at the exit of the
equipment or end of the process (batch), preferably
before cooling, and transferred immediately in a sterile
bag and chilled in an ice water bath to minimize any
residual process effect. Alternatively, samples can be
placed in sanitized containers or trays and placed into a
cooler. Samples should be stored under refrigeration until
shipment. Inoculated untreated control and inoculated
treated samples should be shipped in separate boxes to
prevent cross contamination. Ideally, samples are shipped
under refrigeration to the laboratory and processed within
24 hr.

6.3.2

Analysis of test samples
Injured cells may not be recovered if selective agars are
used and the extent of inactivation can be overestimated.
The recovery of injured cells can be enhanced by using
selective agar with nonselective agar overlay (Craven &
Blankenship, 1983; Han et al., 2002; Kang & Fung, 2000;
Yan et al., 2006). It is recommended that test samples
be analyzed for background microbiota to determine the
potential effect of natural microorganisms on the test
organism (IFT, 2003; Scott et al., 2005). By processing
inoculated test samples in the product in a commercial
process, test samples may be cross contaminated by
the background microbiota from the product stream.
Therefore, noninoculated (control) test samples should
be tested in parallel to the inoculated ones. If necessary,
due to high background microbiota in the product, selective agar may be used to enumerate the test organism.
When done in parallel on selective and nonselective agar,
colonies on nonselective agar can be confirmed to belong
to background microbiota, thereby supporting the results
of the selective agar. It is important when using selective
agar that surviving cells are properly resuscitated before
plating on selective agar to enable recovery of injured
cells.
Microbiological analysis of the test samples should
be performed using approved test methods. A list of
generally accepted microbiological test methods can be
found in Compendium of Methods for the Microbiological

Analysis of data

The analysis of experimental data compares the observed
values in trials with a regulatory standard, an FSO, or a
performance criterion (Codex Alimentarius Commission,
2008). The interpretation of the analysis will substantiate
the process meeting the target reduction and must be supported by results of statistical analysis. Therefore, it is critical that the appropriate statistical methods are applied
(Moruzzi et al., 2000). A skilled statistician with the ability
to design proper experiments, access to statistical software
capable of analyzing data, the ability to verify assumptions and the applicability of the analysis method chosen, and the ability to interpret results of analysis is highly
recommended.
There are different approaches to perform an inactivation validation; therefore, there are different approaches
to analyze the resulting data. The appropriate statistical
method must be selected for data analysis. The two most
common approaches for biological validation are based
on (i) actual microbial enumeration results (ICMSF,
2011; Chapter: Validation of control measures), and (ii)
a presence–absence determination from enrichment
cultures (Covance, 2016). Although both approaches are
valid, the presence–absence determination approach may
be harder to perform, establishing appropriate inoculation
levels is complicated, the number of samples needed
is larger (i.e., 10 to 25 samples are recommended) per
replicate (Covance, 2016), and statistical analysis can be
cumbersome. Microbial enumeration is commonly done
either by plate count methodologies or Most Probable
Number (MPN). Both methods are suitable; however,
large experimental designs may be too expensive to
perform by MPN, whereas constraints regarding the
limits of quantification must be considered when using
plate count methodologies (FDA, 2015a; Garces-Vega &
Marks, 2014). The rationale should be provided for the
chosen confidence level for statistical treatment of the
log-count reduction survivor data. Where safe harbors are
used as the basis of intervention processes, data analysis
commonly involves time/temperature calculations and
converting the cumulative lethality to F0 or pasteurization
values.
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Example of calculation with initial inoculum approximately 8 log CFU/g and targeting 5-log reductions

Replicate

N0

NF

Reductions
Deterministic

Minimal reduction case

1

8.04

3.24

5.00

4.66

4.93

4.61

5.19

4.91

1

8.08

2.71

1

7.90

3.07

2

8.23

3.44

2

8.39

3.52

2

8.13

3.01

3

7.92

2.52

3

8.07

2.92

3

7.83

2.81
Mean

5.04

4.73

SD

0.14

0.16

6.3.3

Variability and acceptance criteria

To perform the validation, the log-reductions for each
replicate must be determined. Commonly, the difference
between the averages of the initial (i.e., before treatment)
and the final concentration is taken as the mean logreduction. For example, in Table 13, the mean reduction calculated using the deterministic approach (Eq. 2) is
higher than 5-log and appears to satisfy a target 5-log reduction. However, with this approach, variability in the reduction achieved is ignored. Further, the average log-reduction
should not be confused with the minimum log-reduction.
In order to use means, it is necessary to include process
variability to develop confidence that a process can consistently meet specifications (Zwietering et al., 2010). Variability is included in analysis by calculating the standard
deviation (SD) and confidence intervals. When an average
is reported, it means that, approximately, half of the results
are below the mean and the other half above the mean. The
SD describes how far results are from the mean. If the SD
is small, the results will be close to the average. However,
the larger the SD, the more distant the results are from the
average. Accordingly, the confidence intervals will be narrower if the SD is small than if the SD is large, at the same
confidence level. Therefore, when there is a requirement
that a process must achieve a minimum reduction, it is not
adequate to rely upon the mean level only, especially when
the SDs are large. One approach that ignores variability,
but is commonly applied to microbial validation data as
worst-case, or minimal reduction case (MRC) (ABC, 2014;
Barouei et al., 2018; GMA, 2010), is to establish the logreduction for each replicate as the difference between the
lowest initial level (N0 ) and the highest survival level (Nf )
(Eq. 3) (ABC, 2014). Then the mean log-reduction can be

estimated, as well as the SD (Table 13).
DeterministicReduction = Mean(𝑁0 ) − Mean(𝑁𝑓 ),

MRCReduction = Min(𝑁0 ) − Max(𝑁𝑓 ).

(2)

(3)

Using the MRC approach (Equation 3) with the same
data, the minimum log-reduction calculated is 4.61, which
demonstrates that a minimum 5-log reduction has not been
met (Table 13). This different outcome is due to the difference in how the reductions within a replicate are estimated
using the MRC approach (Eq. 3) versus the deterministic
approach (Eq. 2). Thus, it is important to define the analytical approach before performing the validation and stay
with it until the end of the process. If we assume that the
distribution of the survivor microorganisms and the initial level are log normally distributed, which is generally
accepted, we can estimate from the distribution the fraction of our process that is achieving the targeted of 5-log
or higher reductions. Using the deterministic approach,
approximately 61% of the samples would be expected to
achieve the targeted reduction. However, when the more
conservative MRC approach is applied, only about 4% of
them will achieve the target (Figure 5). Thus, for the example given, in order to achieve a target reduction of a minimum 5-log, a process that delivers greater reduction would
be needed. Even if the percentage of samples above the
target reduction is not a requirement for process validation, it is important to carefully consider this measurement
from the risk point of view; processes achieving the targeted reduction for 55 or 90% of the samples are very different.
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FIGURE 5
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(a) Deterministic approach with (b) Minimal reduction case approach

Once the data have been analyzed appropriately, it is
plausible to conclude whether the process is achieving the
targeted reduction or not, and with what level of dispersion can be expected (i.e., the SD). Rationale should be
provided for the acceptance criteria used for the validation
approach taken. Other analysis such as pair-wise comparisons or analysis of variance (ANOVA) can be implemented
to support the decision that a process is validated and consistently achieving the targeted log-reductions.
Table 14 describes common issues with validation studies, and below are some final points of caution:
1. Microorganisms often behave in an unexpected
manner. Therefore, unexpected results occur often.
Errant data (i.e., outliers) should not be discarded
without proper analysis, careful consideration, and
appropriate justification. Unexpected results must be
documented and included in the final report. When
additional testing is required, full replicates should be
carried out. Partial studies, where a limited number
of samples/locations are selected for a test due to an
unexpected result or procedural error, should be used
judiciously and sparingly. A decision to conduct a
partial challenge study as part of the validation testing
should be documented with a supporting rationale;
2. Negative/nondetectable levels of the test organisms in
some samples during the validation process are not
uncommon, but caution must be taken when using
such data for the analysis because of the uncertainty
in the actual level of reduction (is only known to be
larger than the difference between the initial level and
the limit of quantification or detection of the used technique; Garces-Vega & Marks, 2014; Garre et al., 2019);
3. The assumption of normality of the enumeration techniques is generally accepted. However, when data
appear to be distant from a normal distribution (i.e.,
skewed), the underlying assumptions of the statistical
test procedure may not have been validated. In these
instances, other distributions or test procedures should
be explored.

6.4

Implementation

When validation studies have been conducted and give
the needed evidence that the target pathogen is appropriately controlled, then the process control measure should
be implemented. Documentation is crucial in the implementation phase. All deviations from the written validation protocol should be documented and supporting rationale on why the deviations were or were not acceptable
should be included. Documentation of how the data were
recorded, how the data were analyzed, and justification of
conclusions should be made. The operating conditions that
are supported by the data must be documented and this
can be done by constructing a table listing critical factors
and specifying the minimum/maximum value or acceptable range for each critical factor necessary to ensure the
process consistently meets the target specification (e.g.,
scheduled process). The corrective action necessary for
each critical factor should be documented when a deviation of occurs.

6.5

Revalidation

The Codex guidance on process validation outlines three
main reasons to perform a revalidation. First, if monitoring or verification identifies failures for which a process
deviation cause cannot be identified, revalidation may be
needed. Noncompliance with monitoring or verification
criteria may indicate a need for a change in the parameters (i.e., the selection and specification of the control
measures) on which the design of the food safety control
system is based. A system failure may also result from
an inadequate hazard analysis and may require revalidation. Second, process and product formulation changes
that are likely to have a decisive impact on the control
of the hazard may necessitate that the system or parts of
it be revalidated. Similarly, changes made in product formulation or the application of current control measures
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Common issues with validation studies

Processing system
Description of processing system not given
Critical factors for process control not clearly identified
Physical (e.g., distance)
Thermal (e.g., temperature)
Mechanical (e.g., speed)
Chemical (e.g., concentration)
Radiation (e.g., dose)
Process variability is not always considered
Test conditions are not always described
Often over-looked worst-case scenarios
Min/Max values for the control measure
Permitted manual operations
Interactions between multiple control measures
Loading and speed of conveying systems
Capacity versus load in a chamber/vessel
Motion of conveying systems
Hot and cold starts, ramp-up and ramp-down
Equipment wear that can impact critical parameters
Challenge studies
Target pathogen inappropriate for product or process
Test methodology used for challenge study not provided
Suitability of surrogate to product and process not qualified
Critical factors and limits for the process not given (“A typical cycle was run”)
Impact of the food matrix not assessed
Minimal data provided
Only the average reduction reported
Minimum reduction observed lower than target reduction
Just a few samples were tested
Study with only a single replicate
Study duration shorter than shelf life of the food
Documentation
Description of process system missing
No list of critical factors/limits or how factors monitored and recorded
No test methodology provided
Data collected do not clearly support the process establishment conclusions
Data collected must support the analysis procedures used
No rationale provided to justify the conclusions drawn

(e.g., time/temperature changes) may result in the need for
revalidation of control measures. Third, revalidation may
be needed if the hazard associated with a food or ingredient changes as a result of (i) higher concentrations of hazards than originally encountered and accounted for in the
design, (ii) a change in response of a hazard to control (e.g.,

adaptation), (iii) emergence of a previously unidentified
hazard, (iv) new information indicating that the hazard is
not being controlled to the level specified (e.g., new epidemiological findings or new validated and internationally
accepted analytical technologies), or (v) a newly identified
food safety outcome.
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6.5.1
Process validation failure (what
happens when a process validation fails?)
When a process does not meet the specified performance
criteria, a root-cause analysis should be conducted to identify the reasons for such a failure. It may be necessary to
adjust the process critical parameters to yield greater kill
(e.g., increase process temperature or time), which may
require the process to be revalidated. When process failures
are measured, they may be helpful in making informed
decisions with regard to the evaluation of process deviations. When the process cannot be modified, the validation
team should examine the process line to identify, if possible, another process step and control measure that could be
utilized so that the combination of control measures yields
enough lethality to meet the performance criteria.

6.6

Verification

Verification is the application of methods, procedures,
tests, and other evaluations, in addition to monitoring, to determine whether a control measure is or has
been operating as intended (Codex Alimentarius Commission, 2008). Verification activities include review of
production records, management of change control, maintenance and calibration programs, direct observation, testing, and audits. Outcomes of verification include establishing through historical records and reviews that the process
is delivering the intended process specification (e.g., critical factors and limits) and accounts for the impacts of seasonal, operator, and supplier variations on process efficacy.

7

VALIDATION REPORT

The validation report should provide documented evidence of a high degree of assurance that a specific process
or system will effectively control the hazard. There should
be a separate report for each product or process validated,
written by qualified persons with enough detail to enable
an external review. The validation report describes the process or system and documents the methodology used in the
study, the results, data analysis, and the justification for the
conclusions drawn (AIOE, 2012). The report should specify
the conditions under which the validation was originally
conducted (IFTPS, 2011). It also should provide the scientific criteria that justify the critical parameters and threshold values that provide the appropriate process lethality
to ensure the hazard is significantly minimized. Elements
that may be included in a validation report are described in
Sections 7.1 to 7.6 and in Table 15. These lists are adapted
from several sources (ABC, 2014; AIOE, 2012; IFTPS, 2011,

2014) and should not be considered to be all inclusive.
Some listed items may not be applicable to every validation
report.

7.1

General information

The validation report includes general information on the
report’s author, title, and affiliation, the food processor’s
information such as the company name, facility, and physical location where validation was conducted, production
line(s) and products(s) validated, and the background of
the validation study.

7.2

Process equipment

Details of the processing equipment being validated should
be properly documented. Although processing equipment
surveys are not a part of data collection per se, they are
important in identifying the equipment that was validated
and in documenting study test conditions. In-depth verification should be performed periodically on all process
equipment to ensure that the equipment remains consistently and properly installed to previously documented
conditions. Conducting an equipment survey before validation may aid in specifying the conditions under which
the validation was conducted and in determining the
impact of changes and the need for revalidation (IFTPS,
2014). Schematics or flow charts and photos can be used
to show the components of the processing line (AIOE,
2012) and to identify the process equipment/step being
validated. The process equipment being validated should
be described in detail including (i) the manufacturer and
model number, and perhaps serial number, (ii) the operating principles (e.g., not the operator manual), and (iii) the
monitoring and controlling devices (type and location of
the sensor, date(s) last calibrated, type(s) of record(s) produced, procedure(s) or device(s) used for identifying process deviations, and if applicable, a processing and instrumentation diagram tag).

7.3

Product

Product formulation can significantly impact the outcome
of the validation. Some knowledge and documentation of
product formulation variability is useful in selecting critical formulation parameters (minimums or maximums)
that might influence the validation outcome and would
help to justify the parameters selected for the validation
study. The test product should be prepared under conditions most conducive to survival in the target process. The
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Process validation report checklista

Step

Responsibility

Date completed

Preparation
Assemble the validation team (expertise on microbiology, engineering, statistics, equipment,
product)
Select and describe the product(s) being validated
Formulation parameters and threshold levels
Consideration given to formulation variability during productions?
Describe the process being validation
Description of the processing line
Operating principles
Process equipment survey
Sensors calibrated?
Identify the pathogen of concern
Set the performance criteria (target log-reduction)
Literature search for previously published studies
Identify in-plant process data
Description of the processing line
Operating principles
Process equipment survey
Specify the challenge test protocol
Description of the processing line
Operating principles
Process equipment survey
Inoculation procedure, target level(s) in the product
Select test parameters for process during validation
Recovery methods, media, and enumeration
Assemble test equipment and materials
Test equipment/sensors calibrated?
Testing
Ensure equipment is capable of operating within prescribed operating parameters
Confirm resistance of test organism to lethal agent (e.g., heat resistance of spore crop)
Inoculate test product and hold for an appropriate duration under appropriate conditions until
testing
Seal in appropriate package where applicable
Collect process data during test
Insert and retrieve inoculated samples from the process
Handle post-process samples appropriately (e.g., cool immediately in an ice water bath)
Deliver samples to the microbiological laboratory for analysis
Document deviations from the test plan
Analysis
Analyze test data using appropriate statistical methods
Make appropriate process calculations
Report findings in the validation report
Was the test successful?
Include rationale for how/why conclusions were made
Implementation
Establish critical process parameters and limits
Implement critical control points, monitoring, and verification into the food safety plan
(Continued)
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(Continued)

Step

Responsibility

Date completed

References and Supporting Information
Include scientific references, standard methods, and so forth
Include full reference(s) as attachment(s)
Include data from critical device sensors, recording charts, microbial enumeration, and so forth
a

This table is adapted from OpX Product Safety Solutions Group (2016).

formulation and intrinsic factors (e.g., pH and aw ) for both
the inoculated product and the uninoculated product used
in a commercial validation should be considered. The validation report should provide a general description of the
product(s) or product grouping covered by the parameters
being validated including information about the weight of
product and water added. Also, critical formulation parameter(s) and limit(s) (e.g., pH, aw ) should be reported and
consideration should be given for variability in formulation (i.e., batch-to-batch variability). The validation reports
should also provide information on the products that are
not validated or not achieving an adequate log-reduction.

7.4
tests

Process validation methodology and

The methods used for the process validation should be
described in enough detail to allow for a critical review of
the approach. A detailed description of the validation studies conducted should include: (i) the date(s) the studies
were conducted; (ii) the conditions under which the validation was conducted and the critical parameter(s) and
measured value(s), for example, physical (distance), thermal (temperature), mechanical (speed), chemical (concentration), radiation (dose), and time; (iii) a temperature
mapping or heat transfer distribution studies (where applicable); (iv) heat penetration studies (where applicable);
and (v) product residence time studies.

lation method; (iv) information on the product preparation
and production variability; (v) results of the traveling and
other inoculated control samples, and specification of the
time between inoculation to validation testing and validation testing to recovery and enumeration; (vi) information
on recovery and enumeration methods; (vii) results and
graphical analyses that include all raw data of microbiological counts and respective log CFU/g values (ABC, 2014);
(viii) statistical analyses (e.g., calculation of means, t-tests,
ANOVA, ANCOVA) with confidence level or intervals for
the survivor data; (ix) data interpretation and discussion;
(x) conclusions on whether the test was successful and the
rationale for how and why the conclusions were made; and
(xi) references (e.g., standard methods, justification of surrogate used) with inclusion of full reference(s) as attachment(s).

7.6
Report summary and process
recommendations
The validation report should summarize the scientific criteria that justify that the specific process consistently provides an acceptable level of process lethality. The summary
should include a list of critical parameters, critical threshold levels, and operating limits and provide procedures for
managing process deviations.

8
Microbial challenge methodology
7.5
and tests
The validation report should give a detailed description
of the microbiological challenge test procedures used.
This includes (i) the rationale for the experimental study
design, the number of replicates, and samples tested; (ii)
the rationale for the selected target pathogen(s) or nonpathogenic surrogate and the data to substantiate its suitability as a surrogate for the target pathogen for each specific product and process being validated; (iii) information on the preparation of the inoculum (culture methods,
media used, incubation time, and temperature) and inocu-

CONCLUSION

When a hazard analysis identifies a significant biological
hazard (pathogenic microorganism), food manufacturers
are responsible to validate a treatment or combination
of treatments as preventive control measure(s) to reduce
the most resistant pathogen(s) to an acceptable level (i.e.,
that is not likely to present a microbiological health risk).
Qualified individuals should review the food safety plan
and validate the effectiveness of the control measure under
the worst-case scenario using conservative parameters for
product and process. Microbiological validation studies
may be conducted in a laboratory using pathogens and/or
surrogate organisms or in a processing facility with surrogate organisms. Validation studies are necessary even
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when safe harbors are available to ensure correct implementation of control measures. Having a food safety plan
or HACCP plan and a food safety team, manager, or process
authority is crucial for the success of validation studies.
The target level of pathogen inactivation may come from
regulatory guidance or regulations. Acceptance criteria
can also be determined by a risk assessment. Careful
attention should be given to the critical operating parameters, product specifications, and microbiological methods
for the success of the validation studies. Any significant change in process, products, storage, and packaging
parameters, new regulatory requirement, equipment modification or relocation, and noncompliance or deviation
from recommended guidelines warrants a new validation
study.
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(2002). Empirical model building based on Weibull distribution
to describe the joint effect of pH and temperature on the thermal resistance of Bacillus cereus in vegetable substrate. International Journal of Food Microbiology, 77(1), 147–153. https://doi.org/
10.1016/S0168-1605(02)00046-6
Fernández García, L., Álvarez Blanco, S., & Riera Rodríguez, F. A.
(2013). Microfiltration applied to dairy streams: Removal of bacteria. Journal of the Science of Food and Agriculture, 93(2), 187–196.
https://doi.org/10.1002/jsfa.5935
Froning, G. W., Peters, D., Muriana, P., Eskridge, K., Travnicek,
D., & Summer, S. S. (2002). International egg pasteurization
manual. Prepared in cooperation with the United Egg Association and American Egg Board. https://www.aeb.org/images/
Pasteurization_Manual.pdf.
Food Safety and Inspection Service (FSIS). (2014). FSIS Compliance guideline for meat and poultry jerky produced by small and
very small establishments. 2014 Compliance Guideline. https://

2875

www.fsis.usda.gov/wps/wcm/connect/5fd4a01d-a381-4134-8b9199617e56a90a/Compliance-Guideline-Jerky-2014.pdf?MOD=
AJPERES.
Food Safety and Inspection Service (FSIS). (2017). Salmonella
compliance guidelines for small and very small meat and
poultry establishments that produce ready-to-eat products and revised appendix A. https://www.fsis.usda.gov/
wps/wcm/connect/bf3f01a1-a0b7-4902-a2df-a87c73d1b633/
Salmonella-Compliance-Guideline-SVSP-RTE-Appendix-A.pdf?
MOD=AJPERES
Food Safety and Inspection Service (FSIS). (2018). Microbiology
laboratory guidebook. U.S. Department of Agriculture. https://
www.fsis.usda.gov/wps/portal/fsis/topics/science/laboratoriesand-procedures/guidebooks-and-methods/microbiologylaboratory-guidebook/microbiology-laboratory-guidebook
Galbraith, N. S., Hobbs, B. C., Smith, M. E., & Tomlinson, A. J. (1960).
Salmonellae in desiccated coconut. An interim report. Monthly
bulletin of the Ministry of Health and the Public Health Laboratory
Service, 19, 99–106.
Garces-Vega, F., & Marks, B. P. (2014). Use of simulation tools
to illustrate the effect of data management practices for
low and negative plate counts on the estimated parameters of microbial reduction models. Journal of Food Protection, 77(8), 1372–1379. https://doi.org/10.4315/0362-028x.Jfp-13462
Garre, A., Egea, J. A., Esnoz, A., Palop, A., & Fernandez, P. S. (2019).
Tail or artefact? Illustration of the impact that uncertainty of the
serial dilution and cell enumeration methods has on microbial
inactivation. Food Research International, 119, 76–83. https://doi.
org/10.1016/j.foodres.2019.01.059
Garriga, M., Grèbol, N., Aymerich, M. T., Monfort, J. M., & Hugas,
M. (2004). Microbial inactivation after high-pressure processing at
600 MPa in commercial meat products over its shelf life. Innovative
Food Science & Emerging Technologies, 5(4), 451–457. https://doi.
org/10.1016/j.ifset.2004.07.001
Gayán, E., Condón, S., & Álvarez, I. (2014). Biological aspects in food
preservation by ultraviolet light: A review. Food and Bioprocess
Technology, 7(1), 1–20. https://doi.org/10.1007/s11947-013-1168-7
Gaze, J. E., & Brown, G. D. (1990). Application of alginate particle
techniques for the assessment of lethality in UHT processes. International Journal of Dairy Technology, 43(2), 49–52. https://doi.org/
10.1111/j.1471-0307.1990.tb02424.x
Geeraerd, A. H., Herremans, C. H., & Van Impe, J. F. (2000). Structural model requirements to describe microbial inactivation during a mild heat treatment. International Journal of Food Microbiology, 59(3), 185–209. https://doi.org/10.1016/S0168-1605(00)00362-7
Geeraerd, A. H., Valdramidis, V. P., & Van Impe, J. F. (2005). GInaFiT,
a freeware tool to assess non-log-linear microbial survivor curves.
International Journal of Food Microbiology, 102(1), 95–105. https:
//doi.org/10.1016/j.ijfoodmicro.2004.11.038
Grocery Manufacturers Association (GMA). (2010). Industry handbook for safe processing of nuts. Grocery Manufacturers Association. https://ucfoodsafety.ucdavis.edu/sites/g/files/dgvnsk7366/
files/inline-files/227728.pdf
Grocery Manufacturers Association (GMA). (2012). Validating
the reduction of Salmonella and other pathogens in heat processed low-moisture foods. Grocery Manufacturers Association.
https://ucfoodsafety.ucdavis.edu/sites/g/files/dgvnsk7366/files/
inline-files/224455.pdf

2876

Grocery
Manufacturers
Association
(GMA).
(2016).
Industry handbook for safe processing of nuts (2nd
ed.).
Grocery
Manufacturers
Association.
https://
www.gmaonline.org/forms/store/ProductFormPublic/
industry-handbook-for-safe-processing-of-nuts
Goldblith, S. A., Joslyn, M. A., & Nickerson, J. T. R. (1961). Introduction to thermal processing of foods. AVI Pub. Co.
Golden, D. A., Worodo, R. W., & Ough, C. S. (2005). Dimethyl dicarbonate and diethyl dicarbonate. In P. M. Davidson, J. N. Sofos, &
A. L. Branen (Eds.), Antimicrobials in food (3rd ed., pp. 305–326).
CRC Press.
Goodburn, C., & Wallace, C. A. (2013). The microbiological efficacy of
decontamination methodologies for fresh produce: A review. Food
Control, 32(2), 418–427. https://doi.org/10.1016/j.foodcont.2012.12.
012.
Grandison, A. S. (2003). Membrane filtration techniques in food
preservation. In P. Zeuthen & L. Bogh-Sorensen (Eds.), Food
preservation techniques (pp. 263–283). Woodhead Publishing Ltd.
Greuel, E., Cortez de Jäckel, S., & Krämer, J. (1995). Untersuchungen zur Überlebensfähigkeit von Salmonella enteritidis,
Phagentyp 4, 8 und 34 in experimentell kontaminiertem Eierlikör.
Archiv für Lebensmittelhygiene, 46, 76–77.
Guo, J., Huang, K., & Wang, J. (2015). Bactericidal effect of various non-thermal plasma agents and the influence of experimental
conditions in microbial inactivation: A review. Food Control, 50,
482–490. https://doi.org/10.1016/j.foodcont.2014.09.037
Han, Y., Linton, R. H., Nielsen, S. S., & Nelson, P. E. (2002). A
comparison of methods for recovery of chlorine dioxide-injured
Escherichia coli O157:H7 and Listeria monocytogenes. Food Microbiology, 19(2), 201–210. https://doi.org/10.1006/fmic.2001.0451
Harris, L. J., Lieberman, V., Mashiana, R. P., Atwill, E., Yang, M.,
Chandler, J. C., Bisha, B., & Jones, T. (2016). Prevalence and
amounts of Salmonella found on raw California inshell pistachios. Journal of Food Protection, 79(8), 1304–1315. https://doi.org/
10.4315/0362-028x.Jfp-16-054
Harris, L. J., Yada, S., Beuchat, L. R., & Danyluk, M. D. (2019).
Prevalence and levels of foodborne pathogens on naturally contaminated nuts and edible seeds (version 2) [Tables 1–4 and references].
Surveys for foodborne pathogens on nuts. http://ucfoodsafety.
ucdavis.edu/Nuts_and_Nut_Pastes
Heinrich, V., Zunabovic, M., Varzakas, T., Bergmair, J., & Kneifel, W.
(2016). Pulsed light treatment of different food types with a special
focus on meat: A critical review. Critical Reviews in Food Science
and Nutrition, 56(4), 591–613. https://doi.org/10.1080/10408398.
2013.826174
Hewitt, J., Rivera-Aban, M., & Greening, G. E. (2009). Evaluation of
murine norovirus as a surrogate for human norovirus and hepatitis A virus in heat inactivation studies. Journal of Applied Microbiology, 107(1), 65–71. https://doi.org/10.1111/j.1365-2672.2009.04179.x
Highmore, C. J., Warner, J. C., Rothwell, S. D., Wilks, S. A., & Keevil,
C. W. (2018). Viable-but-nonculturable Listeria monocytogenes and
Salmonella enterica serovar Thompson induced by chlorine stress
remain infectious. mBio, 9(2), e00540-18. https://doi.org/10.1128/
mBio.00540-18
Hirneisen, K. A., Black, E. P., Cascarino, J. L., Fino, V. R., Hoover,
D. G., & Kniel, K. E. (2010). Viral inactivation in foods: A review
of traditional and novel food-processing technologies. Comprehensive Reviews in Food Science and Food Safety, 9(1), 3–20. https:
//doi.org/10.1111/j.1541-4337.2009.00092.x

VALIDATION OF LETHAL CONTROL MEASURES. . .

Hirneisen, K. A., & Kniel, K. E. (2013). Comparing human norovirus
surrogates: Murine norovirus and Tulane virus. Journal of
Food Protection, 76(1), 139–143. https://doi.org/10.4315/0362-028x.
Jfp-12-216
Hu, M., & Gurtler, J. B. (2017). Selection of surrogate bacteria for
use in food safety challenge studies: A review. Journal of Food
Protection, 80(9), 1506–1536. https://doi.org/10.4315/0362-028X.
JFP-16-536
International Commission on Microbiological Specifications for
Foods (ICMSF). (2011). Microorganisms in Foods 8. Use of data for
assessing process control and product acceptance. Springer US.
Institute of Food Technologists (IFT). (2003). Evaluation and definition of potentially hazardous foods. Comprehensive Reviews in
Food Science and Food Safety, 2 (Suppl), 1–109.
Institute for Thermal Processing Specialists (IFTPS). (2011).
Guidelines for microbial validation of the sterilization of aseptic filling machines and packages, including containers and
closures G.005.V1. http://iftps.org/wp-content/uploads/2017/12/
aseptic-filler-packaging-validation-G-005-V1.pdf
Institute for Thermal Processing Specialists (IFTPS). (2014). Guidelines for conducting thermal processing studies. Institute for Thermal Processing Specialists. www.iftps.org.
Ikawa, S., Kitano, K., & Hamaguchi, S. (2010). Effects of pH on bacterial inactivation in aqueous solutions due to low-temperature
atmospheric pressure plasma application. Plasma Processes and
Polymers, 7(1), 33–42. https://doi.org/10.1002/ppap.200900090.
Institute of Medicine, & National Research Council. (2003). Scientific
criteria to ensure safe food. Institute of Medicine (US) and National
Research Council (US) Committee on the Review of the Use of Scientific Criteria and Performance Standards for Safe Food. National
Academies Press (US).
ISO. (2017). ISO/IEC 17025:2017 General requirements for the competence of testing and calibration laboratories. https://www.iso.org/
standard/66912.html
ISO. (2018). ISO 22000:2018 Food safety management systemsRequirements for any organization in the food chain. https://www.
iso.org/standard/65464.html
ISO. (2019). ISO 20976-1:2019 Microbiology of the food chain —
Requirements and guidelines for conducting challenge tests of food
and feed products — Part 1: Challenge tests to study growth potential,
lag time and maximum growth rate. https://www.iso.org/standard/
69673.html
ISO. (2018). ISO 67.050 General methods of tests and analysis for food
products. https://www.iso.org/ics/67.050/x/
Ito, K. A., Denny, C. B., Brown, C. K., Yao, M., & Seeger, M. L. (1973).
Resistance of bacterial spores to hydrogen peroxide. Journal of
Food Technology, 27, 58–66.
Jay, J. M., Loessner, M. J., & Golden, D. A. (2005). Modern food microbiology (7th ed.). Springer US.
Jeong, S., Marks, B. P., & Ryser, E. T. (2011). Quantifying the performance of Pediococcus sp. (NRRL B-2354: Enterococcus faecium) as
a nonpathogenic surrogate for Salmonella Enteritidis PT30 during moist-air convection heating of almonds. Journal of Food Protection, 74(4), 603–609. https://doi.org/10.4315/0362-028x.Jfp-10416.
Kang, D.-H., & Fung, D. Y. C. (2000). Application of thin agar layer
method for recovery of injured Salmonella typhimurium. International Journal of Food Microbiology, 54(1-2), 127–132. https://doi.
org/10.1016/S0168-1605(99)00174-9.

VALIDATION OF LETHAL CONTROL MEASURES. . .

Keller, S. E., Grasso, E. M., Halik, L. A., Fleischman, G. J., Chirtel, S.
J., & Grove, S. F. (2012). Effect of growth on the thermal resistance
and survival of Salmonella Tennessee and Oranienburg in peanut
butter, measured by a new thin-layer thermal death time device.
Journal of Food Protection, 75, 1125–1130. https://doi.org/10.4315/
0362-028X.JFP-11-477.
Kereluk, K., Gammon, R. A., & Lloyd, R. S. (1970). Microbiological
aspects of ethylene oxide sterilization. Applied Microbiology, 19(1),
146–151. http://aem.asm.org/content/19/1/146.abstract
Kettlitz, B., Kemendi, G., Thorgrimsson, N., Cattoor, N., Verzegnassi,
L., Le Bail-Collet, Y., Maphosa, F., Perrichet, A., Christall, B., &
Stadler, R. H. (2016). Why chlorate occurs in potable water and
processed foods: A critical assessment and challenges faced by
the food industry. Food Additives & Contaminants: Part A: Chemistry, Analysis, Control, Exposure & Risk Assessment, 33(6), 968–982.
https://doi.org/10.1080/19440049.2016.1184521
Knirsch, M. C., Alves dos Santos, C., Martins de Oliveira Soares
Vicente, A. A., & Vessoni Penna, T. C. (2010). Ohmic heating A review. Trends in Food Science & Technology, 21(9), 436–441.
https://doi.org/10.1016/j.tifs.2010.06.003
Kopit, L. M., Kim, E. B., Siezen, R. J., Harris, L. J., & Marco, M. L.
(2014). Safety of the surrogate microorganism Enterococcus faecium NRRL B-2354 for use in thermal process validation. Applied
and Environmental Microbiology, 80(6), 1899–1909. https://doi.
org/10.1128/AEM.03859-13.
Koutchma, T., Keener, L., & Kotilainen, H. (2018). Discordant international regulations of food irradiation are a public health Impediment and a barrier to glogal trade. October issue. Global Harmonization Initiative, pp. 1–18.
Kwak, Y. H., & Anbari, F. T. (2006). Benefits, obstacles, and future of
six sigma approach. Technovation, 26(5), 708–715. https://doi.org/
10.1016/j.technovation.2004.10.003
Lado, B. H., & Yousef, A. E. (2002). Alternative food-preservation
technologies: Efficacy and mechanisms. Microbes and Infection,
4(4), 433–440. https://doi.org/10.1016/S1286-4579(02)01557-5
Lambertini, E., Barouei, J., Schaffner, D. W., Danyluk, M. D., & Harris, L. J. (2017). Modeling the risk of salmonellosis from consumption of pistachios produced and consumed in the United States.
Food Microbiology, 67, 85–96. https://doi.org/10.1016/j.fm.2017.06.
003.
Lambertini, E., Danyluk, M. D., Schaffner, D. W., Winter, C. K., &
Harris, L. J. (2012). Risk of salmonellosis from consumption of
almonds in the North American market. Food Research International, 45(2), 1166–1174. https://doi.org/10.1016/j.foodres.2011.05.
039.
Larkin, J. W., & Spinak, S. H. (1996). Safety considerations for
ohmically heated, aseptically processed, multiphase low-acid food
products: Ohmic heating for thermal processing of foods: Government, industry, and academic perspectives. Food Technology,
50(5), 242–245.
Lee, J., & Kaletunç, G. (2002). Evaluation of the heat inactivation of
Escherichia coli and Lactobacillus plantarum by differential scanning calorimetry. Applied and Environmental Microbiology, 68(11),
5379–5386. https://doi.org/10.1128/AEM.68.11.5379-5386.2002.
Lieberman, V. M., Zhao, I. Y., Schaffner, D. W., Danyluk, M. D., &
Harris, L. J. (2015). Survival or growth of inoculated Escherichia
coli O157:H7 and Salmonella on yellow onions (Allium cepa) under
conditions simulating foodservice and consumer handling and

2877

storage. Journal of Food Protection, 78(1), 42–50. https://doi.org/
10.4315/0362-028X.JFP-14-281
Li, H., Xie, G., & Edmondson, A. (2007). Evolution and limitations of primary mathematical models in predictive microbiology. British Food Journal, 109, 608–626. https://doi.org/10.1108/
00070700710772408.
Limburn, R. D., & Gaze, J. E. (2013). Heat resistance determination of
Salmonella in low Aw foods. Campden BRI R&D Report, 344.
Little, C. L., Rawal, N., de Pinna, E., & McLauchlin, J. (2010). Survey
of Salmonella contamination of edible nut kernels on retail sale in
the UK. Food Microbiology, 27(1), 171–174. https://doi.org/10.1016/
j.fm.2009.08.003.
Liu, S., Rojas, R. V., Gray, P., Zhu, M.-J., & Tang, J. (2018). Enterococcus faecium as a Salmonella surrogate in the thermal processing of
wheat flour: Influence of water activity at high temperatures. Food
Microbiology, 74, 92–99. https://doi.org/10.1016/j.fm.2018.03.001.
Mafart, P., & Leguerinel, I. (1998). Modeling combined effects of temperature and pH on heat resistance of spores by a linear-Bigelow
equation. Journal of Food Science, 63(1), 6–8. https://doi.org/10.
1111/j.1365-2621.1998.tb15662.x
Magnone, J. P., Marek, P. J., Sulakvelidze, A., & Senecal, A. G. (2013).
Additive approach for inactivation of Escherichia coli O157:H7,
Salmonella, and Shigella spp. on contaminated fresh fruits and
vegetables using bacteriophage cocktail and produce wash. Journal of Food Protection, 76(8), 1336–1341. https://doi.org/10.4315/
0362-028x.Jfp-12-517.
Maherani, B., Hossain, F., Criado, P., Ben-Fadhel, Y., Salmieri, S.,
& Lacroix, M. (2016). World market development and consumer
acceptance of irradiation technology. Foods, 5(4), 79. https://doi.
org/10.3390/foods5040079.
Mañas, P., Pagan, R., Raso, J., & Condon, S. (2003). Predicting thermal
inactivation in media of different pH of Salmonella grown at different temperatures. International Journal of Food Microbiology,
87(1-2), 45–53. https://doi.org/10.1016/s0168-1605(03)00049-7.
Mathys, A., Reineke, K., & Jäger, H. (2019). Editorial: Microbial
decontamination by novel technologies - Mechanisms and application concepts. Frontiers in Microbiology, 10, 1476. https://doi.org/
10.3389/fmicb.2019.01476
Metselaar, K. I., Den Besten, H. M. W., Abee, T., Moezelaar, R., & Zwietering, M. H. (2013). Isolation and quantification of highly acid
resistant variants of Listeria monocytogenes. International Journal of Food Microbiology, 166(3), 508–514. https://doi.org/10.1016/
j.ijfoodmicro.2013.08.011
Miksch, R. R., Leek, J., Myoda, S., Nguyen, T., Tenney, K., Svidenko, V., Greeson, K., & Samadpour, M. (2013). Prevalence and
counts of Salmonella and enterohemorrhagic Escherichia coli in
raw, shelled runner peanuts. Journal of Food Protection, 76(10),
1668–1675. https://doi.org/10.4315/0362-028x.Jfp-13-047
Miller, F. A., Ramos, B., Gil, M. M., Brandão, T. R. S., Teixeira, P.,
& Silva, C. L. M. (2009). Influence of pH, type of acid and recovery media on the thermal inactivation of Listeria innocua. International Journal of Food Microbiology, 133(1), 121–128. https://doi.
org/10.1016/j.ijfoodmicro.2009.05.007.
Minor, T. E., & Marth, E. H. (1972a). Staphylococcus aureus and
enterotoxin A in cream and butter. Journal of Dairy Science, 55(10),
1410–1414. https://doi.org/10.3168/jds.S0022-0302(72)85685-6.
Minor, T. E., & Marth, E. H. (1972b). Staphylococcus aureus and
staphylococcal food intoxications. A review: III. Staphylococci in

2878

dairy foods. Journal of Milk and Food Technology, 35(2), 77–82.
https://doi.org/10.4315/0022-2747-35.2.77.
Misra, N. N., Tiwari, B. K., Raghavarao, K. S. M. S., & Cullen, P. J.
(2011). Nonthermal plasma inactivation of food-borne pathogens.
Food Engineering Reviews, 3(3), 159–170. https://doi.org/10.1007/
s12393-011-9041-9.
Monk, J. D., Beuchat, L. R., & Doyle, M. P. (1995). Irradiation inactivation of food-borne microorganisms. Journal of Food Protection,
58(2), 197–208. https://doi.org/10.4315/0362-028X-58.2.197.
Morild, R. K., Christiansen, P., Sorensen, A. H., Nonboe, U., & Aabo,
S. (2011). Inactivation of pathogens on pork by steam-ultrasound
treatment. Journal of Food Protection, 74(5), 769–775. https://doi.
org/10.4315/0362-028x.Jfp-10-338.
Mortier, J., Tadesse, W., Govers, S. K., & Aertsen, A. (2019). Stressinduced protein aggregates shape population heterogeneity in
bacteria. Current Genetics, 65(4), 865–869. https://doi.org/10.1007/
s00294-019-00947-1.
Moruzzi, G., Garthright, W. E., & Floros, J. D. (2000). Aseptic packaging machine pre-sterilisation and package sterilisation: Statistical aspects of microbiological validation. Food Control, 11(1), 57–66.
https://doi.org/10.1016/S0956-7135(99)00084-5.
Moussavi, M., Frelka, J. C., Hildebrandt, I. M., Marks, B. P., & Harris, L. J. (2020). Thermal resistance of foodborne pathogens and
Enterococcus faecium NRRL B-2354 on inoculated pistachios. Journal of Food Protection, 83(7), 1125–1136. https://doi.org/10.4315/
JFP-19-561.
Murrell, W. G., & Scott, W. J. (1966). The heat resistance of bacterial
spores at various water activities. The Journal of General Microbiology, 43(3), 411–425. https://doi.org/10.1099/00221287-43-3411.
National Advisory Committee on Microbiological Criteria for Foods
(NACMCF). (2006). Requisite scientific parameters for establishing the equivalence of alternative methods of pasteurization. Journal of Food Protection, 69(5), 1190–1216. https://doi.org/10.4315/
0362-028x-69.5.1190.
National Advisory Committee on Microbiological Criteria for
Foods (NACMCF). (2010). Parameters for determining inoculated
pack/challenge study protocols. Journal of Food Protection, 73(1),
140–202. https://doi.org/10.4315/0362-028x-73.1.140.
Nascimento, M. S., Carminati, J. A., Silva, I., Silva, D. L., Bernardi,
A. O., & Copetti, M. V. (2018). Salmonella, Escherichia coli and
Enterobacteriaceae in the peanut supply chain: From farm to table.
Food Research International, 105, 930–935. https://doi.org/10.1016/
j.foodres.2017.12.021.
Niemira, B. A. (2012). Cold plasma decontamination of foods. Annual
Review of Food Science and Technology, 3(1), 125–142. https://doi.
org/10.1146/annurev-food-022811-101132.
Olaimat, A. N., & Holley, R. A. (2012). Factors influencing the microbial safety of fresh produce: A review. Food Microbiology, 32(1),
1–19. https://doi.org/10.1016/j.fm.2012.04.016.
OpX Product Safety Solutions Group. (2016). Spotlight on baking: Validating the reduction of Salmonella and other pathogens
in heat processed low-moisture foods. PMMI’s OpX Leadership Network. https://www.opxleadershipnetwork.org/quality/
download/spotlight-baking
Pandiselvam, R., Sunoj, S., Manikantan, M. R., Kothakota, A., &
Hebbar, K. B. (2017). Application and kinetics of ozone in food
preservation. Ozone: Science & Engineering, 39(2), 115–126. https:
//doi.org/10.1080/01919512.2016.1268947.

VALIDATION OF LETHAL CONTROL MEASURES. . .

Parisi, A., & Young, W. E. (1991). Sterilization with ethylene oxide
and other gases. In S. S. Block (Ed.), Disinfection, sterilization, and
preservation (4th ed., pp. 580–595). Lea & Febiger.
Peck, M. W. (2006). Clostridium botulinum and the safety of minimally heated, chilled foods: An emerging issue? Journal of Applied
Microbiology, 101(3), 556–570. https://doi.org/10.1111/j.1365-2672.
2006.02987.x.
Pflug, I. J., & Gould, G. W. (2000). Heat treatment. In B. M. Lund, A.
C. Baird-Parker, & G. W. Gould (Eds.), The microbiological safety
and quality of food (Vol., 1, pp. 36–64). Aspen Publishers.
Pillai, S. D., & Bhatia, S. S. (2018, April 1). Electron beam technology: A platform for safe, fresh, and chemical-free food. Food Safety
Magazine, pp. 50–57.
Pillai, S. D., & Shayanfar, S. (2017). Electron beam technology and
other irradiation technology applications in the food industry.
Topics in Current Chemistry, 375(1), 6. https://doi.org/10.1007/
s41061-016-0093-4
Piyasena, P., Mohareb, E., & McKellar, R. C. (2003). Inactivation of microbes using ultrasound: A review. International Journal of Food Microbiology, 87(3), 207–216. https://doi.org/10.1016/
S0168-1605(03)00075-8
Porto-Fett, A. C., Call, J. E., & Luchansky, J. B. (2008). Validation of
a commercial process for inactivation of Escherichia coli O157:H7,
Salmonella Typhimurium, and Listeria monocytogenes on the surface of whole muscle beef jerky. Journal of Food Protection, 71(5),
918–926. https://doi.org/10.4315/0362-028x-71.5.918
Potter, L., Limburn, R., Gaze, J., Ballard, C., & Leadley, C. E. (2017).
Development of low aw food and environmental decontamination:
Inactivation kinetics. Campden BRI R&D Report, 422.
Predmore, A., Sanglay, G. C., DiCaprio, E., Li, J., Uribe, R. M.,
& Lee, K. (2015). Electron beam inactivation of Tulane virus
on fresh produce, and mechanism of inactivation of human
norovirus surrogates by electron beam irradiation. International
Journal of Food Microbiology, 198, 28–36. https://doi.org/10.1016/j.
ijfoodmicro.2014.12.024.
Rachon, G., Penaloza, W., & Gibbs, P. A. (2016). Inactivation of
Salmonella, Listeria monocytogenes and Enterococcus faecium
NRRL B-2354 in a selection of low moisture foods. International
Journal of Food Microbiology, 231, 16–25. https://doi.org/10.1016/j.
ijfoodmicro.2016.04.022.
Ross, T., & Shadbolt, C. T. (2004). Predicting Escherichia coli inactivation in uncooked comminuted fermented meat products. Meat
& Livestock Australia – Final report food safety. ISBN 095852548.
Version 2.2. http://www.foodsafetycentre.com.au/fermenter.php
Santillana Farakos, S. M., Pouillot, R., Davidson, G. R., Johnson, R.,
Son, I., Anderson, N., & Van Doren, J. M. (2018a). A quantitative
risk assessment of human salmonellosis from consumption of walnuts in the United States. Journal of Food Protection, 82(1), 45–57.
https://doi.org/10.4315/0362-028X.JFP-18-233.
Santillana Farakos, S. M., Pouillot, R., Davidson, G. R., Johnson, R., Spungen, J., Son, I., Anderson, N., & Van Doren, J.
M. (2018b). A quantitative risk assessment of human salmonellosis from consumption of pistachios in the United States. Journal of Food Protection, 81(6), 1001–1014. https://doi.org/10.4315/
0362-028X.JFP-17-379.
Santillana Farakos, S. M., Pouillot, R., Johnson, R., Spungen, J., Son,
I., Anderson, N., Davidson, G. R., & Van Doren, J. M. (2017a). A
quantitative assessment of the risk of human salmonellosis arising from the consumption of pecans in the United States. Jour-

VALIDATION OF LETHAL CONTROL MEASURES. . .

nal of Food Protection, 80(9), 1574–1591. https://doi.org/10.4315/
0362-028X.JFP-16-511.
Santillana Farakos, S. M., Pouillot, R., Johnson, R., Spungen, J., Son,
I., Anderson, N., & Van Doren, J. M. (2017b). A quantitative assessment of the risk of human salmonellosis arising from the consumption of almonds in the United States: The impact of preventive treatment levels. Journal of Food Protection, 80(5), 863–878.
https://doi.org/10.4315/0362-028X.JFP-16-403.
Sauer, A., & Moraru, C. I. (2009). Inactivation of Escherichia
coli ATCC 25922 and Escherichia coil O157:H7 in apple juice
and apple cider, using pulsed light treatment. Journal of Food
Protection, 72(5), 937–944. https://doi.org/10.4315/0362-028x-72.5.
937.
Saunders, T., Wu, J., Williams, R. C., Huang, H., & Ponder, M.
A. (2018). Inactivation of Salmonella and surrogate bacteria on
cashews and macadamia nuts exposed to commercial propylene
oxide processing conditions. Journal of Food Protection, 81(3), 417–
423.
Schaffner, D. W., Buchanan, R. L., Calhoun, S., Danyluk, M. D., Harris, L. J., Djordjevic, D., Whiting, R. C., Kottapalli, B., & Wiedmann, M. (2013). Issues to consider when setting intervention
targets with limited data for low-moisture food commodities: A
peanut case study. Journal of Food Protection, 76(2), 360–369. https:
//doi.org/10.4315/0362-028x.Jfp-12-171.
Schill, K. M., Wang, Y., Butler, R. R., Pombert, J. F., Reddy, N. R.,
Skinner, G. E., & Larkin, J. W. (2016). Genetic diversity of Clostridium sporogenes PA 3679 isolates obtained from different sources as
resolved by pulsed-field gel electrophoresis and high-throughput
sequencing. Applied and Environmental Microbiology, 82(1), 384–
393. https://doi.org/10.1128/aem.02616-15.
Schultz, A. C., Uhrbrand, K., Norrung, B., & Dalsgaard, A. (2012).
Inactivation of norovirus surrogates on surfaces and raspberries
by steam-ultrasound treatment. Journal of Food Protection, 75(2),
376–381. https://doi.org/10.4315/0362-028x.Jfp-11-271.
Scott, V. N., Swanson, K. M. J., Freier, T. A., Pruett, W. P. J., Sveum,
W. H., Hall, P. A., Smoot, L. A., & Brown, D. G. (2005). Guidelines
for conducting Listeria monocytogenes challenge testing of foods.
Food Protection Trends, 25, 818–825.
Setikaite, I., Koutchma, T., Patazca, E., & Parisi, B. (2009). Effects
of water activity in model systems on high-pressure inactivation
of Escherichia coli. Food and Bioprocess Technology, 2(2), 213–221.
https://doi.org/10.1007/s11947-008-0069-7.
Shigehisa, T., Ohmori, T., Saito, A., Taji, S., & Hayashi, R. (1991).
Effects of high hydrostatic pressure on characteristics of pork slurries and inactivation of microorganisms associated with meat and
meat products. International Journal of Food Microbiology, 12(2),
207–215. https://doi.org/10.1016/0168-1605(91)90071-V.
Smelt, J. P. P. M. (1998). Recent advances in the microbiology of high
pressure processing. Trends in Food Science & Technology, 9(4),
152–158. https://doi.org/10.1016/S0924-2244(98)00030-2.
Smelt, J. P. P. M., & Brul, S. (2014). Thermal inactivation of microorganisms. Critical Reviews in Food Science and Nutrition, 54(10),
1371–1385. https://doi.org/10.1080/10408398.2011.637645.
Smittle, R. (1977). Microbiology of mayonnaise and salad dressing: A
review. Journal of Food Protection, 40, 415–422. https://doi.org/10.
4315/0362-028X-40.6.415.
Soni, A., Oey, I., Silcock, P., & Bremer, P. (2016). Bacillus spores in
the food industry: A review on resistance and response to novel
inactivation technologies. Comprehensive Reviews in Food Science

2879

and Food Safety, 15(6), 1139–1148. https://doi.org/10.1111/1541-4337.
12231.
Stumbo, C. R. (1973). Thermal bacteriology in food processing. Academic.
Stumbo, C. R., Murphy, J. R., & Cochran, J. (1950). Nature of thermal
death time curves for P.A. 3679 and Clostridium botulinum. Food
Technology, 4, 321–326.
Syed, Q.-A., Buffa, M., Guamis, B., & Saldo, J. (2016). Factors affecting
bacterial inactivation during high hydrostatic pressure processing
of foods: A Review. Critical Reviews in Food Science and Nutrition,
56(3), 474–483. https://doi.org/10.1080/10408398.2013.779570.
Tahergorabi, R., Matak, K. E., & Jaczynski, J. (2012). Application
of electron beam to inactivate Salmonella in food: Recent developments. Food Research International, 45(2), 685–694. https://doi.
org/10.1016/j.foodres.2011.02.003.
Teo, Y. L., Raynor, T. J., Ellajosyula, K. R., & Knabel, S. J. (1996). Synergistic effect of high temperature and high pH on the destruction of Salmonella enteritidis and Escherichia coli O157:H7. Journal of Food Protection, 59(10), 1023–1030. https://doi.org/10.4315/
0362-028x-59.10.1023.
Theofel, C., Yada, S., & Harris, L. J. (2019). Surrogate organisms for
low moisture foods – Published treatments [Tables and references].
http://ucfoodsafety.ucdavis.edu/Low_Moisture_Foods/.
Timmermans, R. A. H., Nierop Groot, M. N., Nederhoff, A. L., Van
Boekel, M. A. J. S., Matser, A. M., & Mastwijk, H. C. (2014). Pulsed
electric field processing of different fruit juices: Impact of pH and
temperature on inactivation of spoilage and pathogenic microorganisms. International Journal of Food Microbiology, 173, 105–
111. https://doi.org/10.1016/j.ijfoodmicro.2013.12.022.
Toepfl, S., Siemer, C., Saldaña-Navarro, G., & Heinz, V. (2014).
Overview of pulsed electric fields processing for food. In D.-W. Sun
(Ed.), Emerging technologies for food processing (pp. 93–114). Elsevier.
Tsai, H.-C., Ballom, K. F., Xia, S., Tang, J., Marks, B. P., & Zhu, M.-J.
(2019). Evaluation of Enterococcus faecium NRRL B-2354 as a surrogate for Salmonella during cocoa powder thermal processing.
Food Microbiology, 82, 135–141. https://doi.org/10.1016/j.fm.2019.
01.005.
Tucker, G. S. (2004). Validation of heat processes: An overview. In
P. Richardson (Ed.),Improving the thermal processing of foods (pp.
334–352). Elsevier.
Tucker, G. S. (2008). Advances in indicators to monitor production of
in-pack processed foods. In P. Richardson (Ed.),In-pack processed
foods (pp. 131–153). Elsevier.
Uesugi, A. R., Danyluk, M. D., & Harris, L. J. (2006). Survival
of Salmonella Enteritidis phage type 30 on inoculated almonds
stored at –20, 4, 23 and 35◦ C. Journal of Food Protection, 69, 1851–
1857. https://doi.org/10.4315/0362-028X-69.8.1851
United States Department of Agriculture - Food Safety and
Inspection Service (USDA-FSIS). (2017). Draft FSIS compliance guideline for small and very small plants that produce
ready-to-eat (RTE) egg products. https://www.fsis.usda.gov/
wps/wcm/connect/9aadd928-ca43-4f16-a78f-f16954eadd41/
Compliance_Guide_RTE_egg_products.pdf?MOD=AJPERES.
U.S. Food and Drug Administration (USDA). (2000). Kinetics of
microbial inactivation for alternative food processing technologies: Ultrasound. U.S. Food and Drug Administration. https:
//www.fda.gov/downloads/food/foodborneillnesscontaminants/
ucm545175.pdf

2880

U.S. Food and Drug Administration (USDA). (2001). Performance
standards for the production of processed meat and poultry products; proposed rule. Federal Register, 2001(66), 12590–12636.
USPHS/FDA. (2017). Grade “A” pasteurized milk ordinance. U.S.
Department of Health and Human Services, Public Health Service
and Food and Drug Administration. https://www.fda.gov/media/
114169/download.
Van Asselt, E. D., & Zwietering, M. H. (2006). A systematic approach
to determine global thermal inactivation parameters for various
food pathogens. International Journal of Food Microbiology, 107(1),
73–82. https://doi.org/10.1016/j.ijfoodmicro.2005.08.014.
Van Doren, J. M., Blodgett, R. J., Pouillot, R., Westerman, A., Kleinmeier, D., Ziobro, G. C., Ma, Y., Hammack, T. S., Gill, V., Muckenfuss, M. F., & Fabbri, L. (2013). Prevalence, level and distribution of
Salmonella in shipments of imported capsicum and sesame seed
spice offered for entry to the United States: Observations and modeling results. Food Microbiology, 36(2), 149–160. https://doi.org/10.
1016/j.fm.2013.05.003
Verma, T., Wei, X., Lau, S. K., Bianchini, A., Eskridge, K. M., & Subbiah, J. (2018). Evaluation of Enterococcus faecium NRRL B-2354 as
a surrogate for Salmonella during extrusion of low-moisture food.
Journal of Food Science, 83(4), 1063–1072. https://doi.org/10.1111/
1750-3841.14110
Virto, R., Mañas, P., Álvarez, I., Condon, S., & Raso, J. (2005).
Membrane damage and microbial inactivation by chlorine in the
absence and presence of a chlorine-demanding substrate. Applied
and Environmental Microbiology, 71(9), 5022–5028. https://doi.org/
10.1128/AEM.71.9.5022-5028.2005
Whiting, R. C., & Buchanan, R. L. (1993). A classification of models
for predictive microbiology. Food Microbiology, 10, 175–177.
World Health Organization (WHO). (1998). Surface decontamination
of fruits and vegetables eaten raw: A review. https://apps.who.int/
iris/handle/10665/64435.(WHO/FSF/FOS/98.2).
World Health Organization (WHO). (2015). WHO estimates of
the global burden of foodborne diseases. WHO Press. https://
apps.who.int/iris/bitstream/handle/10665/199350/9789241565165_
eng.pdf?sequence=1
Willis, C., Little, C. L., Sagoo, S., de Pinna, E., & Threlfall, J. (2009).
Assessment of the microbiological safety of edible dried seeds from
retail premises in the United Kingdom with a focus on Salmonella
spp. Food Microbiology, 26(8), 847–852. https://doi.org/10.1016/j.
fm.2009.05.007.
Woerner, D. R., Geornaras, I., Martin, J. N., Belk, K. E., Acuff, G. R.,
& Dickson, J. S. (2018). Use of nonpathogenic Escherichia coli surrogates as predictors of the survival of nontyphoidal Salmonella,
non-O157 Shiga toxin–producing Escherichia coli, and Escherichia
coli O157 populations after high hydrostatic pressure processing.
Journal of Food Protection, 81(7), 1068–1072. https://doi.org/10.
4315/0362-028X.JFP-17-385
Wouters, P. C., Alvarez, I., & Raso, J. (2001). Critical factors determining inactivation kinetics by pulsed electric field food processing. Trends in Food Science & Technology, 12(3), 112–121. https:
//doi.org/10.1016/S0924-2244(01)00067-X.
Xu, J., Song, J., Tan, J., Villa-Rojas, R., & Tang, J. (2020). Dryinoculation methods for low-moisture foods. Trends in Food Sciences & Technology, 103, 68–77. https://doi.org/10.1016/j.tifs.2020.
06.019.
Yan, Z., Gurtler, J. B., & Kornacki, J. L. (2006). A solid agar overlay method for recovery of heat-injured Listeria monocytogenes.

VALIDATION OF LETHAL CONTROL MEASURES. . .

Journal of Food Protection, 69(2), 428–431. https://doi.org/10.4315/
0362-028x-69.2.428.
Yuan, L., Lu, L.-x., Lu, W.-q., Tang, Y.-l., & Ge, C. (2017). Modeling the effects of pressure, temperature, saccharide, pH, and protein content on the HHP inactivation of Escherichia coli. Journal
of Food Process Engineering, 40(5), e12550. https://doi.org/10.1111/
jfpe.12550.
Zhao, T., Zhao, P., & Doyle, M. P. (2009). Inactivation of Salmonella
and Escherichia coli O157:H7 on lettuce and poultry skin by combinations of levulinic acid and sodium dodecyl sulfate. Journal of Food Protection, 72(5), 928–936. https://doi.org/10.4315/
0362-028x-72.5.928.
Zhou, Z., Zuber, S., Cantergiani, F., Butot, S., Li, D., Stroheker, T.,
Devlieghere, F., Lima, A., Piantini, U., & Uyttendaele, M. (2017).
Inactivation of viruses and bacteria on strawberries using a levulinic acid plus sodium dodecyl sulfate based sanitizer, taking sensorial and chemical food safety aspects into account. International
Journal of Food Microbiology, 257, 176–182. https://doi.org/10.1016/
j.ijfoodmicro.2017.06.023.
Zimmerman, M., Longhi, D. A., Schaffner, D. W., & Aragão, G. M. F.
(2014). Predicting Bacillus coagulans spores inactivation in tomato
pulp under nonisothermal heat treatments. Journal of Food Science, 79(5), M935–M940. https://doi.org/10.1111/1750-3841.12430.
Zwietering, M. H., Stewart, C. M., Whiting, R. C., & International
Commission on Microbiological Specifications for Foods (ICMSF).
(2010). Validation of control measures in a food chain using the
FSO concept. Food Control, 21 (12, Supplement), 1716–1722. https:
//doi.org/10.1016/j.foodcont.2010.05.019.

How to cite this article: Ceylan, E., Amezquita,
A., Anderson, N., et al. Guidance on validation of
lethal control measures for foodborne pathogens in
foods. Compr Rev Food Sci Food Saf. 2021; 20:1−57.
https://doi.org/10.1111/1541-4337.12746

Glossary
Conduction heating: In conduction heating, molecular
energy is directly exchanged, from the hotter to the cooler
regions, where the molecules with greater energy transfer some of this energy to neighboring molecules with
less energy. An example of conduction is the heat transfer through solids, such as the solid walls of a refrigerated
store or a container that is packed with solids.
Convection heating: The transfer of heat by the movement of groups of molecules in a fluid. The groups of
molecules may be moved by either density changes or by
forced motion of the fluid. An example of convection heating is cooking in a can or other container in a retort vessel.
Food Safety Objective (FSO): The maximum frequency and/or concentration of a pathogen in a food at
the time of consumption that provides or contributes to the
appropriate level of protection (FAO/WHO, 2018).
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Log-linear kinetics: A microbial response in which the
logarithm of the population changes at a constant rate.
Meta-analysis: The process of synthesizing research
results from a number of independent studies (published
or unpublished) by using statistical methods to combine results from previous separate but related studies, in
order to determine overall trends and significance (EFSA,
2010).
Monitoring: The act of conducting a planned sequence
of observations or measurements of control parameters
to assess whether a critical control point is under control (Codex Alimentarius Commission, 1997). Monitoring
is applied during an activity and provides information
for action within a specified time frame (ISO 22000:2018,
2018).
Non-log linear kinetics: A microbial response in
which the logarithm of the population changes at nonconstant rate.
Performance criterion: The effect in frequency and/or
concentration of a hazard in a food that must be achieved
by the application of one or more control measures to provide or contribute to a performance objective or a food
safety objective (FAO/WHO, 2018).
Performance Objective (PO): Maximum frequency
and/or concentration of a hazard in a food at a specified
step in the food chain before time of consumption that provides or contributes to a food safety objective or appropriate level of protection (FAO/WHO, 2018).
Primary model: Describes the response of the microorganism with time to a single set of conditions (Whiting &
Buchanan, 1993).
Process criteria: The control parameters of a step, or
combination of steps, that can be applied to achieve a performance criterion (Cole, 2004).
Product criterion: A parameter of a food that can be
used to assess the acceptability of a lot or consignment
and that is used to prevent unacceptable multiplication of
microorganisms in foods (Cole, 2004).
Safe harbor: A set of critical parameters or a process
criterion that has a well-established and recognized record
of safety. Examples of these can be found in regulatory and
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industry guidance documents and standards, and include
72◦ C for 15 s for milk pasteurization.
Secondary model: Describes the response of one or
more parameters of a primary model to changes in one or
more cultural conditions (Whiting & Buchanan, 1993).
Surrogate microorganism: A nonpathogenic species
and strain responding to a particular treatment in a manner equivalent to a pathogenic species and strain (Hu &
Gurtler, 2017).
Thermal process validation: A series of standardized measurements to determine the lethal effect of a
given thermal process under worst-case conditions, so that
the delivered lethal effect may be compared with a preestablished target to reduce the scale of public health and
commercial risks.
Time–temperature integrators (TTIs): An alternative means to use of temperature measurement or microorganisms, such as an enzyme, that is used for process evaluation. These include enzymes such as amylase or peroxidase that are denatured as they are heated. The reaction
kinetics of the temperature-induced denaturation must
match those of the microbial death kinetics for the target
microorganism and act as a nonbiological marker for the
process.
Validation: Obtaining evidence that a control measure
(or combination of control measures) will be capable of
effectively controlling the significant food safety hazard.
Validation is applied prior to an activity and provides information about the capability to deliver intended results
(ISO, 2018). Obtaining evidence that a control measure
or combination of control measures, if properly implemented, is capable of controlling the hazard to a specified
outcome (Codex Alimentarius Commission, 2008).
Verification: Confirmation, through the provision of
objective evidence, that specified requirements have been
fulfilled. Verification is applied after an activity and provides information for confirmation of conformity (ISO,
2018). The application of methods, procedures, tests, and
other evaluations, in addition to monitoring, to determine
whether a control measure is or has been operating as
intended (Codex Alimentarius Commission, 2008).

