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It is traditional and widely used practice in food microbiology to use thermal death kinetics parameters like D and z values for predicting inactivation of bacterial pathogens (Bigelow, 1921; Stumbo, 1973).  These concepts are based on the near-universal observation that under constant temperature conditions, mortality of microbial populations is a logarithmic function of time: 
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where N0 is the initial number of bacteria, N is the number of bacteria at time of exposure t , and D is the logarithmic rate constant or simply the D-value (in minutes or hours). The D-value is defined as the time required to obtain one log (tenfold) reduction in the population at a given treatment temperature.  D-value depends on the type of bacteria, food medium characteristics like pH and water activity, and more importantly, from thermal treatment point of view, on the temperature. The temperature dependence of D-value can also be modeled as a logarithmic function: 
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where T1 and T2 are two temperatures (oC) within an established range, and z is the logarithmic constant (oC), also known as the z-value.  The z-value measures the temperature sensitivity of bacterial inactivation kinetics, and is defined as the increase in temperature required for a tenfold reduction in the D-value.  After decades of research, there now exists a database of D and z values for important pathogens in various food substances which can be readily used for calculating the thermal processing times in commercial thermal processes like pasteurization and retort sterilization

Lately researchers have started to employ the concept of D and z values to describe the death kinetics of insects with some measure of success (Thomas and Mangan, 1997; Jang, 1991).  However, all such studies have been based on a constant or static temperature treatment.  In real-life situations, heat treatments employed in storage facilities have variable time-temperature histories T(t), and there is need for developing a model that can predict the inactivation kinetics of insects in such a dynamic thermal environment.  
Similar dynamic inactivation models have been developed in the area of microbiology (Baranyi et al., 1996; Van Impe et al., 1992).  These models assume that the heat resistance of microbes under changing conditions can be predicted from their behavior at static temperatures.  However, resistance of microbes as well as insects can increase during heating at rising temperatures, therefore allowance for increase in resistance or heat tolerance must be made in any dynamic model.  

The authors propose a dynamic model for thermal inactivation of insects based on D and z values obtained at static temperature.  This model would not only be able to predict insect death kinetics given any time-temperature history, but would also account for varying heat tolerance of insects at different heating rates.  This dynamic insect thermal inactivation model is based on a similar concept described by Tang et al. (2000) for codling moth larvae during high-temperature-short-time thermal treatment of in-shell walnuts, and is described below.

Given a time-temperature history of thermal treatment T(t), at any time t, the instantaneous insect population N would depend on D and population 
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at time t-dt, where dt is an infinitesimal small increment in time, as follows:
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Now, using (2) D can be written as:


[image: image5.wmf]÷

÷

ø

ö

ç

ç

è

æ

-

-

=

z

T

t

T

ref

ref

D

D

)

(

10









(4)

wher,e Dref is the D at some reference temperature Tref.  Therefore, (3) can be written as:


[image: image6.wmf]÷

÷

ø

ö

ç

ç

è

æ

-

-

=

÷

ø

ö

ç

è

æ

¢

z

T

t

T

ref

ref

D

dt

N

N

)

(

10

log








(5)

Summing up from time 0 to t over incremental intervals dt, we get
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or
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(7)
where, N0 is the insect population at the beginning of the heat treatment (t=0) and T(t) is the time-temperature history of the heat treatment.  An additional term Tshift (temperature shift factor) can be introduced in the final equation to account for varying heat tolerance at different heating rates.  For ease in calculation and to be able to incorporate a T(t) function of a high degree of complexity, (7) can be expressed in a numerical form:

[image: image9.wmf]å

D

=

÷

÷

ø

ö

ç

ç

è

æ

÷

÷

ø

ö

ç

ç

è

æ

-

-

t

D

N

N

z

T

T

t

T

ref

shift

ref

)

(

0

10

1

log







(8)

where the summation on the right side is over 
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 time intervals.


As a first trial, the above model (eqn.-8) was adapted to thermal inactivation data for the adult stage (most heat tolerant stage) of red flour beetle (RFB) obtained in preliminary studies.  Insect population versus time data at 42, 46, 50, 54 and 58oC  were used to calculate D-value for each temperature from the time taken for reduction of population from 20 to 2 (one log cycle reduction).  Figure 1 shows the population versus time data at 58oC and the corresponding estimated D-value.  D-values at each temperature are shown in Table 1.

Table 1. Estimated D-values for adult RFB
	Temperature, T (oC)
	D-value (h)

	42
	60.00

	46
	 7.75

	50
	 0.83

	54
	 0.36

	58
	 0.33



The next step was to estimate the z-value from the above data.  This was done by plotting the D versus T data on a semi-log chart, fitting a straight line and calculating the temperature increase required for a one log reduction in D, as shown in Figure 2.  The estimated z-value was 5.8oC.
The dynamic inactivation model described by (8) was incorporated into an ExcelTM spreadsheet which had as input parameters - the initial insect population N0 and the time-temperature history T(t).  Tref was chosen to be 48oC corresponding to which the Dref was 0.33 h (or 20 min).  (t was chosen to be 0.1 h.  T(t) could be input either as the raw t-T data collected using a data logger or in the form of a mathematical function.  For the purpose of demonstration, t-T data collected in our laboratory for heat treatment of Grain Science and Industry feed mill complex was used (Mahroof et al., 2002).  Figure 3 shows the t-T profile and the corresponding inactivation kinetics of insect population at two different locations (locations 1 and 2).  The temperature shift factor (Tshift) was adjusted in order for the predicted inactivation kinetics to match with the experimental mortality data for Tribolium castaneum.  In this particular case the shift factor for the higher heating rate was 0oC (indicating little or no heat tolerance adaptation), while that was the slower heating rate was 8oC.  The model thus shows how heat tolerance adaptation can be incorporated into a predictive dynamic inactivation model. 
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