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Introduction

Growth in the “fully-cooked” market sector and evolving
federal regulations are creating a need for better information
related to thermal inactivation of pathogens in meat and poul-
try products. Regulatory changes are shifting the burden to
processors to ensure, through scientific rationale, that a new
or modified process meets lethality performance standards.
Although product and process parameters are known to af-
fect thermal resistance of bacteria, most reported information
is from laboratory studies that encompass a limited range of
conditions. In most cases, the validity of this information for
commercial processes is uncertain. The purpose of this paper
is to address three questions: (1) why thermal processing and
microbial inactivation are increasingly important issues to the
meat and poultry industry, (2) what is currently known about
thermal inactivation of pathogens in meat and poultry prod-
ucts, and (3) what information and tools are urgently needed
to meet pathogen lethality standards in commercial cooking
systems.

Why Do We Care?

Thermal processing is the primary method for both adding
value and ensuring microbial safety of meat and poultry prod-
ucts. Although numerous technologies (e.g., irradiation, ultra
high pressure, pulsed electric fields) loom on the horizon for
the broader food industry, the application of heat will cer-
tainly continue as the dominant means to impart desirable
characteristics, add economic value, and ensure product safety.
Additionally, major shifts in consumer demand and regula-
tory burden are increasing the importance of thermal pro-
cessing in all of these areas.
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Market Evolution

Consumers increasingly want convenient, easy-to-prepare
entrees, and this demand is likely to be reflected in continued
rapid growth in the fully-cooked, ready-to-eat meat and poul-
try market segment. Given $90 billion in U.S. annual sales of
all meat and poultry (AMI, 2000), any improvements in mar-
gin by value-added processing have the potential for signifi-
cant returns to the industry and to the overall economy. There-
fore, it is in the industry’s best interest to respond in timely
and creative ways to meet this need. Clearly, any growth in
this market will depend on the design, operation, and im-
provement of thermal processing systems for manufacturing
these products. However, novel product and process devel-
opment will ultimately be inhibited if processors are unable
to meet new food safety requirements that govern these ac-
tivities.

Regulatory Evolution

In terms of regulatory pressures, there is an evolving shift
from a command-and-control paradigm (i.e., meeting specific
endpoint temperatures) to lethality performance standards. This
shift is evident in one final rule (FSIS, 1999) and one currently
proposed rule (FSIS, 2001a). The 1999 rule changes specified
lethality performance standards for cooked roast beef (CFR
§318.17) and cooked poultry products (CFR §381.150), but
continued to provide only time-temperature specifications for
cooked patties (CFR §318.23). The amended regulations state
that any process producing ready-to-eat, whole-muscle prod-
ucts must achieve 6.5-log10 or 7.0-log10 reduction in Salmo-
nella for whole-muscle beef or poultry, respectively. Proces-
sors are no longer held to specific endpoint temperatures;
however, they “must validate new or altered process sched-
ules by scientifically supportable means” (FSIS, 1999). The
currently proposed rule changes (FSIS, 2001a) extend this
general approach to essentially all ready-to-eat products con-
taining meat or poultry.

The 1999 rule changes mentioned above do allow for pro-
cessing within “safe harbor” guidelines (i.e., specified time-
temperature combinations), and draft compliance guidelines
have been published for certain common products covered
by the currently proposed changes (FSIS, 2001b). However,
there are two major and foreseeable problems. First, it is un-
likely that compliance guidelines will be published for every
affected product, particularly niche specialty and ethnic prod-
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ucts, thereby implicitly leaving many processors (probably
those with the least likelihood of having in-house capacity to
address the issue) without “safe harbors” and forcing them to
prove that their processes meet the lethality performance stan-
dards. Secondly, the current evolutionary shift of the micro-
bial safety burden for ready-to-eat products to processors may
likely foreshadow a more complete change, given that there
are no guarantees that the “safe harbor” guidelines will re-
main in place indefinitely. Although the new regulatory para-
digm creates greater opportunities for customized processes,
it clearly puts significant pressure on the industry to docu-
ment process lethality for any new product or process.

Unfortunately, the current state-of-knowledge is insufficient
for reliable lethality predictions in commercial processes.
Challenge studies (i.e., inoculation of real products with tar-
get organisms) are impossible in commercial facilities, where
pathogens cannot be brought on site. Additionally, existing
pathogen inactivation models (as described in the next two
sections) have been developed primarily with model prod-
ucts in laboratory conditions and therefore are not necessar-
ily valid for conditions occurring in many commercial pro-
cesses. Therefore, “scientifically supportable means” do not
currently exist for reliable and robust predictions of thermal
process lethality in this industry.

What Do We Know?

Obviously, it is common knowledge that heat kills bacte-
ria. However, when evaluating process lethality, it is essential
to understand the wide range of both product and process
parameters, beyond just temperature, that affect the process
outcome. This section briefly summarizes the current state-of-
knowledge in this area.

Product Factors

Thermal inactivation of bacteria is affected by numerous
intrinsic factors. In general, resistance is higher in meat prod-
ucts than in buffer solutions, peptone-agar, or other model
media (Blankenship and Craven, 1982; Bell and DeLacy, 1984;
Ghazala et al., 1995; Juneja et al., 1995a, Murphy et al., 1999).
In any medium, there is typically an optimal pH for maxi-
mum bacterial heat resistance (e.g., Reichart, 1994; Juneja et
al., 1995b; Chiruta et al., 1997; Gaillard et al., 1998; Juneja
and Eblen, 1999). Additionally, thermal resistance of bacteria
in food appears to increase with fat content (Fain et al., 1991).

Water activity (and/or moisture content) of the product is
widely known to be a controlling factor in microbial growth;
however, its effect on thermal inactivation is less obvious, but
extremely important. Blankenship (1978) and Goodfellow and
Brown (1978) reported Salmonella survivors on the surfaces
of fully-cooked, dry roasted beef and suggested that thermal
resistance was enhanced by the reduction in water activity
(aw) near the meat surface. However, very few studies have
quantified the effects of moisture content or aw on microbial
inactivation. Kirby and Davies (1990) dehydrated cultures of
S. Typhimurium and reported an increased thermal resistance;

however, they were heating pure cultures rather than a food
product. Hsieh et al. (1976) showed that the inactivation rate
(k) for Salmonella Anatum NF4 and Staphylococcus aureus
196E in pasta was a function of aw; however, they did not
fundamentally model the relationship, which was documented
for a wide aw range that is not relevant to most meat and poul-
try products. Likewise, Corry (1975) had previously reported,
but not modeled, the dependence of decimal reduction time
(D) on aw for S. Typhimurium and S. Senftenberg. In each of
the above studies, the authors reported that thermal inactiva-
tion was highest at high aw (>0.95), decreased with decreas-
ing aw until it reached a minimum between 0.6 and 0.8 aw,
and subsequently increased again as aw approached 0. The
relevance of this information to meat and poultry products,
and to the process conditions, will be further examined in the
next section.

These previous studies clearly showed that intrinsic prop-
erties of the product have a significant impact on the heat
resistance of bacteria. Nevertheless, most literature on the
inactivation of foodborne pathogens is based on studies con-
ducted with liquid media (Smith, 1995), meat slurries (Abdul-
Raouf et al., 1993), or external inoculation of meat (Manu-
Tawiah et al., 1993; Nychas and Tassou, 1996; Fu et al., 1995a,
1995b; Kim et al., 1994). For example, most of the published
inactivation data for Listeria were developed with liquid me-
dia (Cole et al., 1993; Stephens et al., 1994; Pruitt and Kamau,
1993; Membré et al., 1997). Consequently, the validity of this
information for real meat products is not well known.

A few studies have directly quantified bacterial lethality in
meat and poultry. Schnepf and Barbeau (1989) measured Sal-
monella Typhimurium lethality in cooking trials with inocu-
lated chickens in microwave, convection, and conventional
ovens; however, they did not evaluate the effect of heating
time on lethality. Fain et al. (1991) reported D values for L.
monocytogenes Scott A in ground beef and turkey at just three
temperatures (51.7, 57.2, and 62.8°C). Likewise, Blankenship
and Craven (1982) reported D values for C. jejuni at five heat-
ing temperatures ranging from 49 to 57°C. Murphy et al. (1999)
reported D values for a mixture of six Salmonella serotypes in
ground chicken and showed that the lethality of the mixture
was equivalent to the sum of six individual inactivation re-
sults. Veeramuthu et al. (1998) also reported D and z values
for Salmonella Senftenberg and E. coli O157:H7 in ground
turkey. All of the above studies reported decimal reduction
times at specific, limited temperatures, and a few also reported
z values. Murphy et al. (2000) did report complete thermal
inactivation kinetics for Salmonella and Listeria in ground
chicken breast meat. Although several of the studies docu-
mented some effect of product parameters on thermal inacti-
vation, none quantitatively modeled the relationships between
those parameters and pathogen inactivation rates.

Process Factors

Although product factors, such as pH, fat content, and water
activity, all have an effect on thermal resistance of pathogens,
the environmental conditions during thermal processing typi-
cally become the predominant factors controlling the inacti-
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vation rate, even overriding expected intrinsic effects. For the
purposes of this paper, consider process factors to be those
parameters that can be controlled either by the process de-
sign or operation, such as heating (e.g., air) temperature, cook-
ing time, humidity, and heating (or cooling) rates. With the
exception of heating temperature and time, far less is known
about the effects of environmental conditions on thermal in-
activation, as relevant to commercial processes. These effects
can be either immediate or delayed, as occurs when bacteria
exhibit stress-induced tolerances to heat.

For example, although the effects of water activity on ther-
mal resistance has been described, water activity is an intrin-
sic property of the product, reflecting the equilibrium vapor
pressure over the product at a specified temperature. In a com-
mercial impingement oven, high air velocities create a very
small boundary layer around the product, so that the micro-
environmental conditions around the product in the oven are
essentially controlled by the oven conditions (i.e., tempera-
ture and humidity). Therefore, it may be the case that any
inactivation mechanism for a pathogen cell at or near the sur-
face of the product is thereby controlled more by the oven
humidity than by the water activity of the supporting medium
(i.e., the meat product). Murphy et al. (2001a) showed, via
tests with chicken breast patties in a pilot-scale impingement
oven, that air humidity had a significant effect on lethality,
increasing inactivation of Salmonella by >2 log10 when com-
paring a high humidity (steam-injected) treatment to a low
humidity (dry air) treatment to the same endpoint product tem-
peratures. Marks et al. (1999) and Murphy et al. (2001b) fur-
ther showed that inactivation models based on isothermal
laboratory inactivation studies in a water bath over predicted
Salmonella and Listeria innocua inactivation by as much as 5
log10, when compared to experiments that heated chicken
breast patties in a laboratory-scale (dry) convection oven. In
Murphy et al. (2001a, 2001b), significant numbers of survi-
vors were detected even after cooking to endpoint tempera-
tures as high as 80°C in a dry convection environment. How-
ever, neither study explicitly separated the variables of air
humidity and product moisture content (and water activity),
which decreased during the cooking process.

We are currently attempting to test this question by break-
ing it into its two parts (product vs. process conditions). In a
study that varied ground turkey moisture content from 71 to
76% and tested thermal resistances of Salmonella in that
medium, we found no significant moisture effects when the
samples were sealed in plastic pouches and heated in an iso-
thermal water bath at 55 to 65°C, so that the chemical poten-
tial of the water in the sample reflected only the product prop-
erties (Burns, et al., 2001). We are currently conducting
analogous tests in a controlled air heating system, so that the
water status around the sample reflects the oven conditions
(i.e., humidity), rather than the product conditions.

Additionally, there is sufficient evidence to suggest that
thermal inactivation of pathogens in food systems is a path-
dependent process. In other words, past handling and treat-
ment of a contaminated sample affects thermal resistance of
those pathogens in future processes. For example, Stephens
et al. (1994) tested the effects of heating rate on thermal inac-

tivation of Listeria monocytogenes in tryptic phosphate broth.
Contrary to the basic assumption behind kinetic-based mod-
eling, bacterial inactivation decreased significantly for heat-
ing rates below 5°C/min, with deviations as high as 105-fold
when comparing expected to observed survivor ratios. They
did not, however, explicitly incorporate this effect into pre-
dictive models for inactivation, nor did they test it in meat or
poultry products. Obviously, the importance of the heating
rate effect depends on the type of thermal process and would
be more relevant to slow cooking procedures than to rapid
cooking, as might typically occur in an impingement oven.

What Do We Need to Know?

Clearly, both product and process parameters have signifi-
cant effects on the thermal resistance of pathogens in meat
and poultry products. However, mere knowledge that these
effects exist is insufficient to aid a processor in designing,
operating, or evaluating the efficacy of a thermal process, in
terms of the relevant lethality performance standards. Quan-
titative analysis requires either direct measurement via inocu-
lated challenge studies (relevant only for validating existing
processes) or validated models that can predict the lethality
outcome for specified product and process conditions (rel-
evant for either designing new processes or evaluating exist-
ing ones).

Because commercial cooking systems create complex con-
ditions around the product, with varying temperature, humid-
ity, airflow, etc., scale-up of laboratory-based inactivation data
to commercial-scale processes, without evidence that the data
account for all of the relevant process parameters, can be a
dangerous leap. Pilot-scale challenge studies in systems that
simulate the full-scale process are desirable; however, because
most industry pilot-scale facilities are used primarily for prod-
uct/process development activities, the introduction of patho-
gens into those environments is impossible. Therefore, inocu-
lated challenge studies are rarely an option in evaluating
process lethality, particularly for new or modified processes.

Because of the impracticality of challenge studies, the pro-
cessor is left with predictive models as the primary means for
evaluating and documenting process lethality. The rest of this
section outlines just the basics behind quantitative microbi-
ology and what is needed before these techniques will be
universally applicable to thermal processes in the meat and
poultry industry.

Basics of Microbial Modeling

The purpose of modeling is to reduce biological, chemi-
cal, and/or physical phenomena to systems of mathematical
equations. A model must describe the phenomena of interest
with sufficient accuracy to enable the necessary design, op-
eration, or management decisions without requiring actual
testing that is either too expensive, too time consuming, un-
safe, or all of the above. The most important point about pre-
dictive models is that they must be validated by testing on
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data independent of those used to create the model before
they can be used for prediction of future results.

In terms of basic microbial modeling methods, there have
been several recent reviews. Whiting and Buchanan (1993)
classified models into three types: primary, secondary, and
tertiary – where primary models describe changes in micro-
bial populations with time, secondary models describe the
relationships between the primary model parameters and vari-
ous environmental conditions (such as temperature, pH, and
water activity), and tertiary models are computer tools that
integrate the primary and secondary models into user-friendly
units. Whiting (1995) noted that most current primary and
secondary models are merely descriptive, so that there re-
mains a need for models based on physicochemical, physi-
ological, or biochemical mechanisms. Additionally, Buchanan
(1993) and Whiting (1995) both stated that there are insuffi-
cient data on the effects of non-thermal factors (e.g., pH and
water activity) on bacterial inactivation.

In general, most previous studies have assumed first-order
kinetics for primary models of thermal inactivation. However,
Peleg and Cole (1998) challenged this assumption by propos-
ing that any non-linearity observed in semilogarithmic sur-
vival curves is due to a distribution of heat resistances among
individual organisms, rather than to mixed populations or
experimental artifacts, as is typically assumed. They tested
their methodology by modeling the population of resistances
from a variety of published inactivation studies, using a Weibull
distribution for their calculations. They illustrated several im-
portant implications of this approach. First of all, the determi-
nation of model parameters by regressing linearized data may
not be sensitive to the detailed shape of the population distri-
bution; therefore, non-linear regression is more desirable.
Additionally, they noted that first-order models have previ-
ously included the effects of intrinsic factors as influencing
only the rate constant, k, while these factors may also influ-
ence the shape of the survival curves. In order to include this
effect in an inactivation model, it is therefore necessary to
describe it in terms of changes in the distribution of the
population’s resistance.

Process Modeling and Validation

It is typically assumed that inactivation models can be ap-
plied to a real thermal process by dividing the process into a
series of small time steps, and then computing the cumulative
inactivation by stepping through these time steps and recal-
culating the survivors after each interval. Schellekens et al.
(1994), Van Impe et al. (1995), and Zwietering and Hasting
(1997) each presented strategies aimed toward this type of
process modeling. Van Impe et al. (1995), in particular, de-
veloped a system theory approach for predictive microbiol-
ogy in a dynamic environment. Although their model was a
significant contribution, temperature was the only transient
variable included. They noted that there still is a need to in-
clude the influence of water activity, which also varies during
dynamic thermal processes.

With respect to tertiary inactivation models, the compli-
ance guidelines for the new FSIS regulations (FSIS, 1999) spe-

cifically refer to the USDA-ARS Pathogen Modeling Program
(PMP, v. 5.1, http://www.arserrc.gov), thereby inferring that
this tool could be used to relate cooking parameters to patho-
gen lethality. Another example is the AMI Process Lethality
Spreadsheet (American Meat Institute, http://www.amif.org/
processlethalityinstr.htm). Both tools are excellent examples
of tertiary inactivation models (simple to use, user-friendly,
Windows-based); however, both have a number of limitations
relevant to the real thermal processes. First, the current ver-
sion of PMP does not include primary models for thermal in-
activation of Salmonella, nor does either model include sec-
ondary models that relate important product and process
conditions (e.g., fat content, humidity) to inactivation. Both
assume first-order inactivation kinetics, which ignore any lag
or tailing phenomena that can be important, in terms of resis-
tant sub-populations. Additionally, neither model accounts for
temperature and moisture gradients that occur in real food
products and therefore cause “lethality profiles” within a meat
product. Consequently, there is still a need to further extend
the methods of quantitative microbiology by coupling the in-
activation models with validated process (heat and mass trans-
fer) models to evaluate the lethality of commercial cooking
systems.

Summary and Recommendations

The general observation that current microbial inactiva-
tion models fail to account for all of the factors relevant to
commercial thermal processes is certainly of no comfort to
an industry that is increasingly being compelled to verify and
prove that cooking systems are meeting lethality performance
standards. There is a significant need for user-friendly, pub-
licly available, validated models that would allow a user to
enter the product conditions (size, shape, composition, initial
temperature) and process parameters (equipment specifica-
tions, such as temperature, time, air velocity, humidity, etc.,
for each stage of a multi-stage process) and get back a predic-
tion of product temperature profiles, cooking yield, and patho-
gen inactivation. Such a tool could ultimately be used to de-
sign and control multi-stage processes to ensure that the
lethality performance standard is met while simultaneously
optimizing cooking yield and product quality. Such models
are under development for certain specific processes, such as
contact frying (Erdogdu, et al., 2001; Zorrilla, et al., 2001)
and convection cooking (Marks et al., 1999), but much more
work is needed for the continuous-flow operations used in
typical process plants, which we are currently addressing at
Michigan State University.

In the meantime, processors should be cautious in apply-
ing simple D and z values to integrated time-temperature his-
tories from process data. Minimally, they should be aware of
the medium and heating conditions used to generate the in-
activation parameters, and recognize whether their processes
differ from those conditions in significant ways, such as prod-
uct composition or process humidity. Even though under-cook-
ing in food manufacturing facilities is not currently causing
widespread food safety problems, continued development of
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new products and processes (and the ongoing regulatory
changes) necessitate a proactive stance in ensuring proper
evaluation of thermal process lethality.
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