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Abstract

The assessment and optimization of food heatinggsses require knowledge of the
thermal resistance of target spores. Although tmeept of spore resistance may seem
simple, the establishment of a reliable quantifasystem for characterizing the heat
resistance of spores has proven far more complexithagined by early researchers.
This paper points out the main difficulties encauetl by reviewing the historical
works on the subject.

During an early period, the concept of individupbie resistance had not yet been
considered and the resistance of a strain of djponeing bacterium was related to a
global population regarded as alive or dead. A ecperiod was opened by the
introduction of the well-know parameter (decimal reduction time) associated with
the previously introduced- concept. The present period has introduced these
sources of complexity: consideration of non logn survival curves, consideration
of environmental factors other than temperaturel, @nvareness of the variability of
resistance parameters. The occurrence of non hegilisurvival curves makes spore
resistance dependent on heating time. Consequsptlye resistance characterisation
requires at least two parameters. While early tast® models took only heating
temperature into account, new models consider athgironmental factors such as
pH and water activity (“horizontal extension”). Slanly the new generation of
models also considers certain environmental factdrshe recovery medium for
guantifying “apparent heat resistance” (“verticalemsion”).

Because the conventionBhvalue is no longer additive in cases of non |ogdr
survival curves, the decimal reduction ratio shohtd preferred for assessing the

efficiency of a heating process.
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I ntroduction

The assessment and optimization of food heatinggsses is clearly closely linked to
the resistance of target pathogenic or spoilagesspand the required intensity of any
cooking, pasteurization or sterilization mainly dedson twofactors:

the level of riskwhich can be accepted by the operator and conmnelspim a required
reduction ratio, generally expressed as a deciogatiecrease,

the resistance of sporewhich requires a relevant and, if possible, adeura
guantification.

The establishment of a reliable quantification eystfor characterizing the heat
resistance of spores has proven far more compbexithagined by early researchers.
This paper aims to point out the main difficultieacountered by reviewing the
historical concerned works on the subject, fromfiret attempts at spore resistance
guantification, to an overview of the present gitwra Similarly, the parallel evolution

in the assessment of heating processes will beeasield.

Quantification of sporeresistance

The history of spore resistance quantification loararbitrarily fractionated into three
periods. During an early period, the concept ofviddial spore resistance had not yet
been considered and the resistance of a sporen stissociated with a heating
temperature or an exposure time, was related tolmlgpopulation regarded as alive
or dead.

The second period was opened by the introductioth@fwell-knownD parameter
(decimal reduction time) associated with the presip introducedz-concept. Today,
calculations of food heating processes are stietaon this quantification system and

implicitly admit the two following assumptions:
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spore inactivation is assimilated to first ordenekic and survival curves are log-
linear,

the only environmental factor considered is heptemperature. In other words, it is
assumed that spore resistance depends exclusimelyeo strain and temperature.
Indeed, the effect of some other environmentalofacsuch as pH or water activity
were already qualitatively known, but not directigtegrated in heat process
calculations.

The third period which includes the present peiiddoduced three new sources of
complexity:

consideration of non log-linear survival curves,

taking into account of environmental factors oftiem temperature,

awareness of the variability of resistance pararaete

First period: 1907-1942

Surprisingly, early authors who tried to quantitaly characterize the heat resistance
of spores seem to have ignored the previous wdrk&adsen and Nyman (1907) and
Chick (1908) who pointed out the first order natafespore survival kinetics. More
than 20 years after these works which should haweosed the specific rate of
inactivation as the parameter characteristic ot lseasitivity, spore resistance was
still regarded as theleath time of a global spore population at a giveating
temperaturewhich corresponds to the famous TDT (Thermal Ddathe) introduced
by Bigelow in 1921. One of the main drawbacks @ gimplistic concept was the fact
that it was clearly dependent on the initial sit¢he living population. Aware of the
need to standardize experimental determinationspofe heat resistance, Williams
(1929) proposed the conceptlmdsic resistancelefined as the TDT of a 5.18pore

population aged 10 days and heated in a pH 7 phatspiuffer, at 95 or 100°C.
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As early as the first works on survival kinetidse famous Arrhenius equation (1889)
was successfully applied for quantifying the effetCtemperature on the specific rate
of inactivation. Alternatively, ten years beforee tintroduction of thez-concept by
Bigelow (1921), Chick (1910) had already observéuhear relationship between the
logarithm of the specific rate of inactivation atednperature. She then introduced the
concept ottemperature coefficienwhich corresponded to the multiplication factor of
the specific rate of inactivation caused by an éase of 1°C of the heating
temperature. The author could not detect any diffee of goodness of fit between the
latter relationship and the Arrhenius equation atitl,nowadays, both models can be

used indifferently.
Second period: 1942-1978

The popularD concept (required heating time for a survival aatf 10%) was
introduced as late as 1943 by Katzin and Sandhalder rewrote the first order
survival kinetic in a decimal base. From this datee quantification of spore

resistance could be based on two alternative neydtéms:
System I:

- Primary model: (first order kinetic):

N =N,e™ (1)

whereNy is the initial number of spores ahdthe number of surviving spores after
heating time t; k is the specific rate of inactivat

E.(1 1

Secondary modek = k* ex ——a(— ——j 2
R\T T*

This is the Arrhenius equation whdeeis the k-value at th&* reference temperature.

E. is the so-called activation energy @dhe perfect gas constant.
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Within the frame of this system, each strain resiseé can be quantified by the two

parameterskf, E,).

System |l

_t
Primary model:N = N,10 P 3

(first order kinetic rewritten in decimal base)

T-T*

Secondary modelb =D * 10 = 4
(Bigelow relationship) where z corresponds to therease in temperature yielding a
ten-fold D reduction.

Using this system, each strain resistance can aetifjed by the two parameterBy|

2).

Both systems are still very useful: for tradition@hsons, the first one is preferentially
applied in the field of industrial microbiology, witeas the second is more widely
used in the field of food heat processes. Unfotelgaboth are limited to the cases of
log-linear survival curves and ignore all factotber than temperature and time of

heating.

1.3. Third period: 1978 to date

The beginning of this era demonstrates a growimgpiexity in the problem of spore
guantification resistance due to the consideratibmon log-linear survival curves
(primary modelling) and new environmental factosedondary modelling). An
extensively cited review of the cases of observenl Ilng-linear survival curves was
published by Cerf (1977), in which the author dieess the curves according to their

patterns and tried to biologically or physicallyerpret the different shapes. On the
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1.3.1.

other hand, Davey et al. (1978) published the firetmal resistance secondary model

including not only temperature, but also pH of tieating medium.

Primary quantification

The primary quantification of spore heat resistahae to cope with several typical
curve shapes:

curves presenting ahoulder an initial phase showing gradual acceleratiorthef
inactivation followed by a linear portion,

curves presentingtail: an initial linear portion followed by a brakinggse,
sigmoidcurves showing both a shoulder and a tall,

curvilinear curves with a downward concavity,

curvilinear curves with an upward concavity,

Biphasiccurves with two straight lines of different slopes

Biphasic curves including a shoulder.

For a given strain and in equal environment cood#j one parametek ©r D) is
sufficient to quantify and compare spore heat tastes in the case of a log-linear
survival kinetics. The situation is far more compighen the kinetics are no longer
linear for two reasons:

guantification of the resistance requires at leastparameters,

heat resistance becomes dependent on heating time.

Any comparison of resistances then becomes qufteud.

Whatever the shape of the survival curve, a gerexatession of heat resistance can

be:

__dt
AR= d(logN) ®)



245
246
247
248
249
250
251

252

253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270

271

1.3.2.

In the particular case of log-linear curves, ibliwiously obtainedHR = D.

Among the numerous published models for fitting ioear curves, the cumulative
function of the Weibull frequency distribution maéde used increasingly frequently
on account of its simplicity and its flexibility éReg and Cole, 1998; Mafart et al.,

2002). This model can be written as follows:

p
Iogﬁ = —[lj (6)

In this example, the heat resistance of sporesuanttfied by the two following

parametersd (scale parameter) apdshape parameter):
(7)
HR = poPtP™

Let us consider two strains characterized by tbaples §;, p) and ¢, p)
respectively. Which one is the most heat resistAndiple answer to this question is
not possible because heat resistance is dependdrgating time, so one strain may
be more resistant than the other at the beginnfinlgeoheating and more sensitive by
the end of the exposure. For want of a better imolua humber of authors simply
characterize heat resistance by the so-céldedwhich is defined as the required time

of heating for obtaining decimal reductions (most frequenthys= 4).
Secondary quantification

The new secondary models include not only heatmgperature for estimating the
spore heat resistance, but also some other mainoamental factors such as pH,
water activity or sodium chloride concentrationdfizontal extension”) (Davey et al.,

1978; Cerf et al., 1996; Gaillard et al., 1998 aafédt et Leguérinel, 1998). On the
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other hand, as the observed heat resistance dependsly on the heating conditions,
but also on the recovery conditions of survivingssenew generation models include
factors which are related to the recovery mediuor. €&ample, pH of the heating
medium and pH of the recovery medium are regardetiva distinct factors, even if
cells are recovered in the heating medium, aseis#se for heat processed foodstuffs

(“vertical extension”) (Coroller et al., 2001; Carvet al., 1999; Couvert et al., 2000).
Horizontal extension

The first non-thermal factor which was includedriactivation models was the pH of
the heating medium. As early as 1948, Jordan arubbdaobserved a linear
relationship between the logarithm of the decinegluction time and pH, but the first
model combining heating temperature and pH wasqz@g as late as 1978 by Davey
et al. to describe the effect of these two factmisthe specific inactivation rate of

Clostridium botulinum
_ C, 2
Lnk—CO+?+C2pH +C,;pH (8)

whereT represents the absolute heating temperatur€amd empirical parameters. If
the pH terms of this equation are dropped, therltdgaic form of the Arrhenius
equation can be recognised. For this reason, Dagarded his model as an extension
of the Arrhenius equation. The Davey model wasrldtether extended by the

adjunction of a water activity term:

Lnk:C0+%+Csz +C,pH? +C,a;, 9)

10
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From the same bibliographic data as those useddweyin 1993, regarding
the heat resistance @f botulinum, C. sporogenesdBacillus cereusMafart

and Leguérinel (1998) proposed a Bigelow-like madeluding a pH term:

2
IogD:IogD*—T_T _(pH—pH ] (20)
A Z,,

whereT* represents the reference temperature (most o&rlAC) andoH*
the reference pH 7. The sensitivity parameterzavenich simply corresponds
to the conventionat-value, andzy which is the distance of pH frompH*
which leads to a ten-fold reduction in the decimeluction time. LastlyD*
represents th®-value in the reference conditions € T*; pH = pH*). This
model was also further extended with the additibra avater activity term

(Gaillard et al., 1998 a):

logD =logD* -

2
T-T _(pH—pH J a1 1)
Z

Z;

Regarding the pH terms of the models, Davey himslederved a strong self-
correlation between hi€, and C; parameters, which denotes a certain over-
parameterization of his equation. On the contrdrg, Mafart equation which
includes one less parameter could be regardeddes-parameterized: in some
cases (mild heat treatments, vegetative cellsiysadegree instead of second

degree equation may be more suitable:

11
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~T* |pH-pH*
IogD:IogD*—T T+ _|pH - pHY (12)

z Z,

Moreover, the linearity of the Davey equation akoavvery simple estimation
of confidence intervals of each parameter, wherdas estimation of
confidence intervals of Mafart parameters requim®re sophisticated
calculations. On the other hand, Davey parametsrsddficult to use for
guantifying heat resistance of a given spore straitause they lack robustness
and do not have any biological significance. Asaample, from the same set
of data regardingC.botulinum,the following parameter estimates could be

respectively obtained:

Davey model:

Co=105.23

C, =-3.7041.14°K

Cy =-2.3967

C3=0.1695

Mafart model:

D* = 0.139 min
zr = 9.32°C
ZpH = 3.61

12
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The main drawback of both models is their abserfcanointeraction term
while it is well known that interactions frequentlpccur between
environmental factors. Gaillard et al. (1998 b)emipted to modify the
equation (10) by adding a temperature/pH interacterm. Applying this
modification to the inactivation dBacillus cereusthey obtained a relatively
poor improvement of goodness of (= 0.985 instead of 0.977). The authors
then considered that this slight improvement watssudficient to justify the
implementation of an additional parameter and tlosé of biological meaning
of all parameters, except*. According to our results, values of the sensyivit
parametersz, zu, Zw) seem to be independent of the food matrix. Howeve
further works would be needed to confirm this proypeBecause of the
possible occurrence of interactions between factiborss recommended to
estimate a sensitivity parameter linked to a faotdrile the other considered

factors are adjusted at their reference level.

Vertical extension

It has been long known that the measured “appadadimal reduction time is
dependent on the recovery conditions. When thevesgomedium diverges
from optimal conditions of incubation temperatupé] or water activity, the
measured apparem-value (denoted’) is always lower than th®-value
which would have been measured in optimal recownyditions. For this
reason, any environmental facéémwhich is related to the heating medium has
to be clearly distinguished from the fackrof the same name which is related

to recovery medium. As far as we know, the only eisdntegrating recovery

13
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environmental factors were derived from our labomatand present the same

form which is as follows:

2

X'=-X'

logD'=logD - (Z—"ptj (13)
X

where X' op corresponds to the optimal value of the considéaetbr andz’x
the distance from the optimal level of this factatich leads to a tenfold
reduction of theD-value. This simple equation presents the drawback o
artificially assuming a symmetric pattern of appdréeat resistance with
respect to its maximum level. However, it yieldstga fair goodness of fit and
its main advantage is the requirement of as fewthase parameters, each
having a biological meaning.

Couvert et al. (2000) applied this equation totfie effect of incubation
temperature on the apparent heat resistand®. afereuswith the following
estimates:Dgse.c = 2.85 min; T'opr = 23.6°C;z't = 33.7°C R® = 0.95). The
authors validated the model on other types of sfrora data in the literature.
Equation (13) was equally successfully applied tecdbe the effect of the pH
of the recovery medium on the heat resistanc®.otereus(Couvert et al.
1999) with the following estimateBmax= 2.33 min;pH o= 6.78;z',4 = 1.81
(R? = 0.983). Coroller et al. (2001) applied the saqeation to describe the
effect of the water activity of the recovery mediomthe apparent D-value of
the same strain & cereusThey found an optimal water activity close to 0.98-

0.99, whereas the',, value was dependent on the involved depressorhwhic

14
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was used to adjust the water activity: in the raoig@.1 for glucose or glycerol

and close to 0.07 for sucrose.
Multi factorial combination of unit-models

The structure of equations (9) and (11) is an tilai®n of the classical modular
approach which is frequently adopted in the fidiflood predictive microbiology and
consists of assuming a multiplicative effect of timed involved factors on spore
heat resistance. Indeed, the yielded product dbifiat unit-models becomes a sum
when the resistance parameter is submitted to aritbgiic transformation. If any
given environmental factor related to the heatirgdimm is denoted;, the overall
model can then be written as follows:

n
logD =logD* —Z(MJ 14§

Zy

where then exponent can be equal to 1 or 2. Note Kfatdoes not correspond to a

parameter to be estimated, but to a reference galcle asl* = 121.1°CpH* = 7 ora*,, = 1.

Similarly, if any given environmental factor related to theaeery medium is

denotedX’;, the overall model can then be written as follows:

2
X' =X"
logD'=log D -’ (.Z—.oth (15)
X

The combined effects of environmental factors linkethe heating and to the

recovery medium can then be written as follows:

15



417 logD'=log Dy ., ) —Z(ﬂj —z(m] (16)

in in
418
419 From this last equation, it can be seen that thmpbete heat resistance
420 characterization of a given strain requires thiede ef parameters:
421 - a main resistance parameter suctDgs xopy Which is an overall parameter
422 and may be depend on the food matrix.
423 - the sensitivity parametersandz’ which are assumed to be independent of the
424 food matrix,
425 - the optimal level of each considered factor yiejdithe maximum apparent
426 heat resistance. If needed, the reference valuésctars linked to the heating
427 medium can be replaced by estimated optimal valkes.example, if the
428 optimal pH of the heating medium is distant fromit7can be estimated and
429 input in the model instead of retaining pH* = 7.
430
431
432 1.3.3. Variability of spore resistance
433
434 Although the last cited models allow a clear imgnaent in spore heat resistance
435 assessment, they still suffer considerable backgtowise due to the number of
436 controlled or uncontrolled factors such as therstthe composition and the texture of
437 the medium, the thermal history of spores (prediation or sporulation temperature),
438 possible pre-adaptation to different types of stressteraction between factors etc.
439 Any conclusion or decision from calculations of hpeocesses therefore requires the
440 greatest caution.
441

16
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Assessment and optimization of heating processes

The most simple and direct criterion for assesHirgefficiency of a heating process is
indeed the obtained inactivation ratio, which isnocaonly expressed as the decimal
log decrease of alive spores= log Ny/N. The major advantage of this criterion is the
fact that it is additive whatever the pattern @& furvival curve. Its main limit is that it
is dependent on the target strain and the heatiedium, so that it does not
intrinsically allow comparison of two heating preses. Because of the considerable
variability of spore resistance, such a comparigmuires arbitrary assumptions and
standard calculations. As early as 1927, Ball ohiced the popular concept Bf
value which corresponds to the time (in minutesexting at a reference temperature
(250°F or 121.1°C for sterilizationyr to any time/temperature combination which
would yield the same destruction ratithe reference z-value, equal to 10°C, which is
that of the reference strairClpstridium botulinum62A), is associated with the
reference temperature. Note that the determinatidhe F-value does not require the
knowledge of any-value. TheF concept can be applied both for the assessment of
given processabserved F-valleand for the optimization of a heating procedasget

F-valué. Both applications encounter specific difficutie

2.1. Observed F-value

The obtainedr-value can be calculated from the following equatio

F = [L(T)t (17)

17
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where T is the core temperature of the exposed foodstlff,is the reference
temperature and(T) corresponds to the so called lethality factor. BseT is itself a
function of time, the solution of the integral réngs the knowledge of the heat
transfer kineticT = f(t), then a core temperature registration. The numnegjgaroach
of Bigelow consisted of a graphic determinationtha# integration area of the curve
L(T) = f (t), whereas the analytical approach of Ball involvedpdified heat transfer
equation. The empirical approach of Bigelow carrdgarded as measurement tool
and as the reference method, whereas the thedrappaoach of Ball can lead to
some errors due to some simplifying assumptionthoagh it is an efficient
simulation tool.

2.2. Target F-value

The requiredF-value for yielding n decimal reductions (ormaog-decrease) is as

follows:

F =nD* (18)

whereD* corresponds to the decimal reduction time at ¢fierence temperature. The
required F-value is therefore the product of two factors:adety factor which is
determined from a management decision, and aaaesistfactor which is linked to the
target strain. This very simple equation is in itgaxtremely difficult to apply. The
first difficulty is the choice of the target patteagc or spoilage strain according to its
prevalence and to its level of nuisance in a gifeatory. Secondly, provided that the
initial concentration of contaminants is approxieiatknown, it will be possible to
make an arbitrary decision from the accepted lef/elsk. Even if the target organism
is clearly identified and if the problem of the @w of then value is solved, the
difficulty for determining theD*-value remains, the variability of which was

discussed earlier.

18
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Limits of the F concept and alternatives

While theF concept is a simple and convenient indicator atigncomparisons of cooking or
sterilization procedures regardless of the targetins, it is not a suitable tool for accurately

optimizing heat processes for the two followingseas:

if the survival curve linked to the process is tag-linear, theF-value loses its
property of additivity and conventional calculaticen no longer be applied (Mafart et
al.,2002),

an optimization of a process from tlevalue takes only heating temperature into
account and ignores the other environmental facdach as the pH and the water
activity of the medium.

What can be done to circumvent these drawbacks?

In the cases of non-log-linear survival curvesjrogation calculations can be made
from a suitable primary model and from log decreeasees ) instead of fromF-
values. Conventional calculation procedures can tleemodified and adapted to the
primary model that should preferably be sufficigraimple for allowing analytical
solutions.

In the case of log-linear curves, tikeconcept could be kept, provided that it is
extended according to the main environmental factther than temperature (see
Mafart, 2000). According to this approadd* denotes thé-value, not only at the
reference temperature, but also at reference I@fedsher environmental factors (for
examplepH* = 7,a,* = 1). Similarly, the conventional concept of te¢hility factor
L(T) is extended into a multifactorial function such_é8, pH, a,).

Traditional calculations regarding heating processere mainly devoted tB-values
determinations and optimisation but rarely to @slsessment which is rather difficult
on account of the dissuasive variability which das observed everywhere: heat

transfer inside foodstuff$;-values, food matrix, levels of initial contamiratj spore

19
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resistance etc. However, the contribution of diaiess and the presence of powerful
computers at every desk make it possible to corglouilations taking the distribution

of each input variable into account.
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