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Executive summary

Chilling requirements for hot boned meat in Australia have been established based on predictive
microbiology precepts.

Hot boning is regulated via AQIS Notice 2001/20 using a Hot Boning Index (HBI) to describe predicted
growth of E. coli.

Company chilling regimes are assessed against the following criteria at the site of microbiological concern
(the slowest cooling point):

e Average Hot Boning Index (HBI) of no more than 1.5

e 80% of the HBIs must be no more than 2.0

e Upper target HBI of no more than 2.5

A predictive microbiology model has been developed with parameters of pH 6.5, water activity 0.993
and lactate 51.7 mM (Ross et al. 2003).

The model has been evaluated and found to predict growth more accurately than existing predictive
models (Mellefont et al. 2003).

Validation of the model has been carried out by inoculating hot boned meat in cartons with faeces or
E. coli cultures with acceptable correlation between observed and predicted growth (R2=0.89).

Validation of the model has been carried out by inoculating lean or fatty surfaces of primals with
faeces or E. coli cultures with a reasonable correlation between observed and predicted growth
(R>=0.56). It is expected that the use of different model parameters to account for fatty or lean
surfaces would improve the correlation and lead to a more realistic estimate of the HBI.

Simulated boxed product modelling suggests that the average HBI for a whole box of product would
be almost 1 less than the HBI at the slowest cooling point. Similarly, the average HBI for the whole
mass of a slow-cooling rump (not just the surface) was determined to be almost 1 less than the HBI
at the slowest cooling point.

Microbiological and chilling data from in-plant monitoring demonstrate that the HBI is achievable and
that the microbiological quality of the chilled product is excellent.

In the next revision of the Export Meat Orders, the term “HBI” will become subsumed within the term
“Refrigeration Index” (RI) which will be used to regulate chilling of meat throughout the Australian
industry. The criteria used to assess whether a meat processor is conforming with the Rl are identical
with those now used for the HBI.
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Introduction

The hot boning process is regulated by AQIS Notice 2001/20, in which the temperature control of the
chilling phase is based on predictive microbiology principles. Specifically, each company is required
to establish that each chilling regime meets performance criteria for predicted growth of E. coli at the
site of microbiological concern (the slowest cooling point) in which potential log,, increase is a mean
of 1.5; a target upper limit of 2.5; and an 80th percentile of 2.0.

The purpose of the present document is to supply scientific information supporting the formulation of
AQIS Notice 2001/20 and validation of the model used to measure predicted growth of E. coli by
individual companies.
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1 Background to regulation of hot boning in
Australia

The concept of deboning meat from “hot” carcases was first mooted in the early-1970s with
advantages cited such as reduced chilling space, labour costs from avoiding double handling, and
better vyields (Visser 1977; Cuthbertson, 1979). The main disadvantage was considered
microbiological, because meat remains at a temperature suitable for growth of any contaminating
microorganisms for some hours. An early code of practice in Australia stipulated chilling meat to 7°C
or colder within 3 hours of slaughter (2 hours from commencement of boning) and then freezing
within a further 10 hours, a regime which, unfortunately, could not be achieved by normal cooling
practices (Grau and Herbert, 1974).

By 1980, CSIRO researchers had developed an equation which predicted growth of E. coli on beef
trim in cartons during chilling. Predicted growth had also been compared with actual growth of E. coli
in blended meat at temperatures between 10 and 40°C (Table 1) confirming the opportunity for 2-3
log growth on meat packed “hot” (Herbert and Smith, 1980).

Table 1: Growth of E. coli on fresh meat

Approximate initial ~ Calculated E. coli Actual E. coli Difference

temperature (°C) increase (log 1¢) increase (log 19) (log 10)
35 2.36 2.29 +0.07
25 2.35 2.43 -0.08
15 1.21 1.16 +0.05

Herbert and Smith (1980) also calculated cooling rates required to cool hot boned meats so that, on
average, through a carton, E. coli grew no more than one generation (i.e. doubled). The calculation
took into account that meat on the outside of the carton would cool more quickly (with no, or little
increase in E. coli) while meat at the thermal centre might increase 2-3 log. Finally, the authors
stipulated cooling regimes which would satisfy the requirement of an average E. coli increase of one
doubling. For 27.2kg cartons cooled in air blast freezers (the industry “norm”) meat could be no
warmer than 25°C if the freezer air temperature was —35°C.

This requirement made boning directly off the slaughter floor (“true hot boning”) impossible and
companies resorted to preliminary cooling of carcases in a chiller, followed by boning — a process

variously termed “warm boning”, “boning-on-the-curve” or “same-day boning”.

As the responsible regulatory authority, the Commonwealth Department of Primary Industry was
concerned about ensuring meat safety when faced with the proposal that meat could be boned
without first being reduced in temperature. Consideration was given to the potential for bacteria on
the meat to proliferate when the warm meat was placed in a carton before refrigeration occurred. The
carton and the air within would act as insulation and would also reduce drying of the surfaces thus
negating one of the primary antimicrobial effects of conventional chilling. Intuitively, the product was
considered to represent a considerable hazard unless procedures were put in place to minimise that
hazard.

The first mention of hot boning in export legislation is a 1981 amendment to the Bureau of Animal
Health Manual of Instruction for Meat Inspection and Meat Handling Procedures. The amendment
contains detailed instructions relating to the agreements to be entered into and assurances to be
made in order to permit hot boning to occur.

When the Export Meat Orders (EMOs) were published in 1985 hot boning was addressed by EMOs

282 to 284 and associated references in the Australian Export Meat Manual (Volume 1). The EMOs
required an approved program to be in place before hot boning could commence and Volume |
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contained the requirements to be addressed, including “documentary evidence from a competent
expert that the facilities can, in practice, consistently meet the temperature and time combinations
proposed”.

In 1988, hot boning requirements were introduced to Volume Il of the Meat Manual and the table of
time/temperature combinations, in 1°C increments, appeared. The table was based upon the premise
that no more than a potential tenfold (1 log4,) increase in mesophilic bacteria should be permitted at
any point in a carton during the cooling process to 8°C. The maximum times allowed to cool meat to
8°C for meat packed between 35-20°C (the range of hot and warm boning) are summarised in
Spooncer (1993) and range from 417 minutes for meat packed at 35°C to 793 minutes if meat were
packed at 20°C. Spooncer concluded with “For meat boned straight off the slaughter floor, the
cooling rates that apply to hot-boned meat cannot be achieved with conventional packing and
freezing techniques” but suggested satisfactory cooling could be achieved if cartons were reduced in
cross sectional area and cooled either in a plate freezer or in an air blast at unusually low
temperature (colder than —35°C) and high air velocity (>3m/s).

During the 1990s true hot boning became more attractive because of advantages such as:
e Reduced processing time from slaughter to load-out

Lower chilling space and other capital cost requirements

Reduced energy consumption and other chiller costs

Increased boning yield

Improved productivity

Elimination of occupational health and safety problems associated with hard fat

In 1994 an AQIS Meat Notice (94/7) was issued that introduced some flexibility in the arrangements
provided the final product remained microbiologically equivalent to conventionally boned meat. This
became known as the alternate protocol. The Notice superseded the entries in Volume | and Volume
Il and retained the table of times but changed the target temperature from 8°C to 7°C. It also
introduced the possibility of saving chilled cuts. The Notice allowed companies to operate under a
Hot Boning Approved Program. Each company was required to provide microbiological data to
support their application for an approved program obtained by an “expert authority” approved by the
Secretary of the Australian Quarantine and Inspection Service (AQIS).

During this period several new plants were constructed in Australia specifically for hot boning. These
plants were mostly equipped with plate freezers and had slaughter and dressing rates which were in
equilibrium with the time required for carcases to be hot boned i.e. boning and packing rates dictated
slaughter chain speed. However, even with the efficiency of plate freezing, it became apparent that
primal cuts (vacuum-packed) could not be chilled to meet the requirements of AQIS Notice 94/2.
Thus, hot boning plants were required to operate under an approved program, with attendant
monitoring requirements which were considered onerous by the industry.

A number of plants constructed in Australia were of similar design with those operated in New
Zealand, where hot boning of beef had become a major component of the industry. These plants
were able to operate in accordance with NZ regulations and since product from that country was
exported to many countries (including Australia) it was questioned whether AQIS Notice 94/2 should
be reconsidered.

In 1999 a scientific panel was convened by Meat and Livestock Australia (MLA) to consider
alternative approaches to chilling and freezing of hot boned meat. The panel was satisfied that the
hot boning industry was producing bulk-packed frozen meat equivalent to that produced as a result of
conventional boning and proposed a revised approach. Vanderlinde and Murray (1995) were able to
segment data from the first national baseline study (Vanderlinde et al. 1999) and conclude that there
was little difference in the microbiological profile of manufacturing meat from hot- and cold-boned
carcases. The second national baseline study of 1998 provided confirmation (Table 2) with little
difference between hot boned and conventionally boned meat for several microbiological parameters
(Phillips et al. 2001).
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Table 2: Microbiological profile of hot boned and cold boned meat (Phillips 1999)

Hot boned meat Cold boned meat
(n=131) (n=857)
Mean log Total Viable 1.92 2.09
Count per gram (25°C)
E. coli (% detected) 0.8 5.7
S. aureus (% detected) 17.9 15.3

AQIS Notice 2000/06 provided details of a year-long study where companies could operate under
trial conditions while their processes were assessed under new predictive microbiological criteria that
took into account variability in the production process. The Notice also defined the term Hot Boning
Index (HBI).

During the trial, time/temperature recordings were collected from the time of carton closure until the
product temperature fell below 7°C. It is generally accepted that freezing and frozen storage reduces
the number of E. coli present, therefore, the HBI should overestimate the potential growth at the
thermal centre of the carton. Cartons freeze from the outside in, hence bacterial growth is inhibited
most quickly in the outer layers. The slowest cooling point in the carton (the thermal centre)
represents only a small proportion of the total amount of meat in the carton. Therefore, the HBI for
each carton represents a worst-case i.e. potential growth at the slowest-cooling portion of the carton.
It provides a more stringent assessment than would be obtained by normal sampling procedures e.g.
microbiological testing of samples drilled aseptically from frozen cartons.

Using the data, a Hot Boning Index (HBI) was calculated for each carton of logged product based on
log increase of E. coli. The HBI is obtained using a predictive microbiology model that estimates the
number of generations of E. coli at the centre of the carton from time/temperature recordings
collected during the refrigeration process (see section 2 below). The number of generations can then
easily be converted into logarithms of growth. The HBI, similar to the Process Hygiene Index used in
New Zealand, is used to assess the refrigeration processes of hot-boning plants.

When each company had surveyed all chilling/freezing regimes the data (HBIs) were assessed
against the following criteria:

e Average Hot Boning Index (HBI) of no more than 1.5

e 80% of the HBIs must be no more than 2.0

e Upper target HBI of no more than 2.5

The three criteria selected were similar to those which comprised the PHI used in New Zealand,
reflecting the fact that this country had satisfied controlling authorities regarding the efficacy of the
predictive microbiology approach.

An expert panel of scientists and industry representatives reviewed the results of the trial and
recommended retaining the interim criteria as criteria for approval and on-going compliance by plants
conducting boning operations prior to completion of carcase chilling in accordance with Export Meat
Order 250.1.

Following completion of the trial, AQIS Notice 2001/20 was published advising that the panel had
decided to adopt the HBI criteria used during the trial. It advised that all previous approved programs
were superseded. Establishments that had submitted data demonstrating their processes met the
criteria received on-going approval of their programs. Where the criteria had not been met or where
plants had failed to submit data, program approvals lapsed and new validations were required.

Currently, hot boning is regulated via AQIS Notice 2001/20, which essentially confirms the interim
criteria specified in AQIS Notice 2000/06.

It should be noted that, in Australia’s next issue of the Export Meat Orders, the term “HBI” will
become subsumed within the term “Refrigeration Index” (RI) which will be used to regulate chilling of
meat throughout the Australian industry. The criteria used to assess whether a meat processor is
conforming with the RI are identical with those now used for the HBI.

12
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2 Predictive microbiology model used for
regulation of hot boning

The model, developed by University of Tasmania, is based on 236 growth rate data sets and includes
factors additional to those of Herbert and Smith (1980), specifically, pH, lactate and water activity.
Further details are given in Ross et al. (2003). The equation (shown in Section 3) provides the growth
rate in generations per hour (Table 3).

Table 3: Growth rates at various temperatures using the equation
of Ross et al. (2003)
Temperature (°C) Generations/h

35 2.79
30 2.02
25 1.33
20 0.77
10 0.105

The model parameters for pH, ay and lactate were set based on data for bulk-packaged meat. It is
impractical for processors to measure these values routinely; therefore average values were used
that gave good agreement with observed growth rates. The parameters used were pH 6.5, ay 0.993
and lactate 51.7 mM. Five generations (1.5 log) are deducted from the predicted potential increase
on the basis of evidence from CSIRO regarding the effect of lag phase (Smith, 1985) and from Ross
(1999).

The latter author reviewed the uncertainty and unpredictability of bacterial lag times and the
limitations this imposes on the application of predictive microbiology. He analysed lag time
information obtained from the literature as well as information from novel experiments. The
information obtained suggested that:

e While lag times are highly variable, apparent variability can be reduced by using the concept
of relative lag times or ‘generation time equivalents’ i.e. the ratio of lag time to generation
time (LGR).

e Although lag times may take almost any value, there is a common pattern of distribution of
relative lag times for a wide range of species across a wide range of conditions.

e That common distribution of relative lag times has a sharp peak in the range 4-6 generation
time equivalents.

These results have significance for the application of predictive microbiology to interpret the hygienic
adequacy of carcase chilling and other meat processing and handling operations.

From a practical perspective, a lag time of 3 generation time equivalents reduced the expected
growth without lag by 0.9 logq cfu, i.e. almost a factor of ten. Four or 5 generation times of lag
equate to a reduction in the expected growth of 1.2 and 1.5 log cfu respectively.

The practical significance of these results to the meat industry is that there is now a substantial body
of information to justify the inclusion of lag times in calculations of the effects of different meat
processing and handling procedures. Ross (1999) observed that there was a substantial lag phase
equivalent to 4-5 generation times when Klebsiella oxytoca, an enteric surrogate for E. coli, was
inoculated on to meat carcasses during in-plant studies.

Similar observations were noted during the development of the US and UK predictive models
databases (respectively, Pathogen Modelling Program and FoodMicroModel). For the former,
Buchanan (pers. comm.) indicated a lag phase duration equivalent to approximately 4 generation
times and observed that this was consistent with pathogen behaviour on foods. For the latter,
Robinson et al. (1998) reported that the lag time of L. monocytogenes was, on average, 8 times that
of the mean generation time. The universality of such observations is further suggested by the results
of Widders, Coates and Ross (unpublished) for spoilage pseudomonads growing on pork meat in
retail trade.
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The model developed for predicting growth of E. coli
on meat takes into account temperature, pH, water
activity and lactate. The parameters used were pH
6.5, aw 0.993 and lactate 51.7 mM. The lag phase is
considered to account for 5 generations of E. coli.
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3 Model development for chilling of hot boned meat

The model currently used has been developed by scientists at University of Tasmania. Previously,
models for the combined effects of temperature and water activity on E. coli growth rate (Salter et al.,
1998) and for the effects of temperature, pH and lactic acid (Presser et al., 1997) were developed.
The current model combines terms for high and low temperature, high and low water activity, high
and low pH and dissociated and undissociated lactic acid to yield a new general model form (Ross et
al., 2003).

All data used in generation of the model are shown in Appendix 1 which comprises the full text of
Ross et al., 2003. Data were fitted to a reduced form of the general model as shown
Nr= ¢ (T-Tmin) * (1-exp(d*(T-Trmax)))

: \/E?Y,}%?lmpn)m-pm) . \/(1_1O(pH-pHmax)) Equation 1 (Budavari, 1989)

* VO-LACH Uny » (1410 2)
* V(1- [LACY/(Dpn * (1+10P< 1))
te

where:

r = relative growth rate or specific growth rate (time'1), ¢, d and g = fitted parameters

ay = water activity

awmin = theoretical minimum water activity below which growth is not possible

T = temperature, T, = theoretical minimum temperature below which growth is not possible

Tmax = theoretical maximum temperature beyond which growth is not possible

pH has its usual meaning

pHmin = theoretical minimum pH below which growth is not possible

pHmax = theoretical maximum pH beyond which growth is not possible

[LAC] = lactic acid concentration (mM)

Unmin = minimum concentration (mM) of undissociated lactic acid which prevents growth when all other
factors are optimal

Dnin = minimum concentration (mM) of dissociated lactic acid which prevents growth when all other
factors are optimal

pK, is the pH for which concentrations of undissociated and dissociated lactic acid are equal,
reported to be 3.86

e=error

Fitted parameter values and asymptotic standard errors on those estimates are shown in Table 4.

Observed and predicted generation times (GT) are compared in Fig. 1, as residuals normalised to the
(ObservedGT — PredictedGT)

ObservedGT
illustrate the validity of the use of the square root transformation to homogenise variance in the
relative growth rate data, residuals in this transformation are presented as a function of generation
time in Fig. 2.

observed generation time i.e.

, as a function of generation time. To

The accuracy and bias factors (Ross, 1996) for the model predictions of generation time compared
with the original data were 1.21 and 0.97, respectively. These will be discussed below in relation to
model performance.
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Table 4: Parameter values for the growth rate model for E. coli

Parameter Estimate Asymptotic Standard

Error

c 0.2345 0.0083
Tnin 4.14 0.63
Tmax 49.55 0.42
PHumin 3.909 0.031
PHimax 8.860 0.19
Unmin 10.43 0.52
Dmin 995.5 106

Ay min 0.9508 0.0004
d 0.2636 0.038

Root Mean Square Error (RMSE) 0.0054
in V(1/(GT [h]))

3

2 4
=
@
pa]
2le 14
2= * *
S b pA soRte . .
5 |c .o S Y".’%o *
O |o 0 - IS & » e
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>
® o ¥ ® 00y 00 s,
= |2 :
218 1 . ¢
I To minimise distortion of the scale of the
G plot, an outlier at co-ordinates (14.5, -13),
coresponding to growth at water activity
2 0.9508, and discussed in the text, is not
shown.
_3 T T
0.10 1.00 10.00

Observed Generation time (GT,[h])

100.00

Fig. 1. Residuals plot of predictions of Equation 1 with the parameter
values shown in Table 1 to the observations on which the model is
based. The residual was divided by the corresponding observed
generation time to normalise the deviation for the magnitude of the

response
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Fig. 2. Residuals plot for data used to derive the parameter
values shown in Table 1 for Equation 1b. The observations and
predictions are expressed as square root of relative rate to test
the assumption that the square root prediction homogenises
the variance in the data

The current model combines terms for high and low
temperature, high and low water activity, high and low pH
and dissociated and undissociated lactic acid to yield a new

general model form.

Details of the model are published in the International
Journal of Food Microbiology (Ross et al. 2003).
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4 Performance of the model

The successful application of predictive modelling is dependent on the development of appropriate
models but, prior to their application in industry, a performance evaluation of predictive models under
conditions that were not used to derive the models is required. There are several ways in which
model performance can be assessed. These include using sub-sets of the data set from which the
model is derived, generating new data by laboratory experiments in liquid growth media or direct
inoculation onto product, comparison to other data in the literature and trials in industry. It is generally
accepted that comparing predicted responses to observed responses can assess the usefulness of a
predictive model. Traditionally predictive models have been assessed statistically by the ‘goodness of
fit' of the data used to generate them and pictorial comparisons of observed and predicted data.
Residual plots are also used to identify any non-linearity or non-constant variance in a model. Two
indices of performance, the bias and accuracy factors (Ross, 1996, Baranyi et al., 1999) are objective
and quantitative measures that provide a simple means of reporting a readily interpretable
assessment of model performance.

The bias factor (Bf) indicates systematic over- or under-prediction by a model. Perfect agreement
between predictions and observations will give a bias factor of 1. Bias factors >1 predict generation
time longer than observed and thus “fail dangerous” behaviour in the model. Conversely, bias factors
<1 predict generation time less than observed and thus lead to “fail safe” predictions. As in many
situations under- and over-predictions will tend to cancel out and the bias factor does not provide an
indication of the average accuracy of estimates. This is provided by the accuracy factor which
averages the deviation of each data point from the model's line of equivalence to measure the
average ‘distance’ of the predictions from observations. Again a value of 1 indicates perfect
agreement, whereas a factor of 2 indicates that the prediction is half or twice as large as the
observation.

The following interpretation of the bias factor to assess model performance for pathogens was
proposed by Ross, 1999:

Good: 0.90-1.05
Acceptable 0.70-0.89 or 1.06-1.15
Unacceptable: <0.70->1.15

For the accuracy factor (Af), acceptable performance will depend on the number of parameters in the
model as the error in growth rate estimates under controlled laboratory conditions is ~10% per
independent variable (Ross et al., 2000). Thus a model with 3 variables (temperature + pH + water
activity) might be expected to have an error of ~30% or an accuracy factor of 1.3.

When model performance was evaluated for 1025 growth rate estimates in food, the bias and
accuracy factors respectively were 0.92 and 1.29 indicating good performance. The UTAS model has
generally outperformed the Pathogen Modelling Program (PMP) and Food MicroModel (FMM) and
was particularly good when evaluated for 130 estimates of growth rate in meat with bias and
accuracy factors of 0.97 and 1.26, respectively. That this was attributed to the inclusion of a term for
lactic acid concentration in the UTAS model was demonstrated by poorer performance when the
lactate term was removed i.e. bias factor 0.78 and accuracy factor 1.39.

Predictive model development and evaluation is a process involving continual improvement in model
performance as more data describing the effects of additional environmental factors are included in
the model. To illustrate this point, the performance of the new UTAS model was compared with the
temperature only model of Salter et al. (1998) to describe independent data sets of Gill and Newton
(1980), Grau (1983) and Smith (1985). The respective improvement in Bf and Af were as follows:

Data sets Bf/Af using temperature- Bf/Af using UTas
only model model

Gill and Newton (1980) 0.43/2.31 0.70/1.43

Grau (1983) 0.53/1.90 0.72/1.40

Smith (1985) 0.90/1.18 1.04/1.09
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A full description of how the performance of the new model was assessed is provided in Appendix 2,
which comprises the manuscript of Mellefont et al. (2003).

The performance of the model has been evaluated both by
traditional criteria such as the ‘goodness of fit' of the data and
residual plots used to identify any non-linearity or non-
constant variance in a model; in addition, two indices of
performance, the bias and accuracy factors have been used.
Full details of performance of the model have been published
in the International Journal of Food Microbiology (Mellefont et
al. 2003).
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5 Validation of the model for predicting growth of E.
coli during chilling and freezing of hot boned meat

A number of studies have been carried out in which hot boned meat has been inoculated with faeces
or E. coli broth cultures and cooling followed under commercial conditions. These experiments have
been done on meat trim in cartons and on chilled primals. The following sections detail the results of
these trials.

5.1 Meat trim in cartons

Both sheep and cattle operations were assessed as part of studies carried out at CSIRO Meat
Research Laboratory by Grau, Shay, Vanderlinde and others. Meat was inoculated with a suspension
of faeces taken from similar animals slaughtered on the day of the trial. Faeces were diluted in water
and filtered through cheesecloth before application. Meat was inoculated by brushing the inocula on
to the surface of meat prior to packing. In all experiments coliform counts only were obtained, it is
assumed that the majority of the coliform bacteria present were E. coli and in fact when measured E.
coli usually accounted for >90% of the coliform count.

Samples for bacterial analysis were collected from the inoculated surfaces of meat placed as near to
the thermal centre of cartons as possible. A sheet of plastic film was placed at the centre of each
carton (between layers of meat) to allow the inoculated surface to be easily identified after freezing.
Copper/constantan thermocouples were placed on either side of the plastic over the inoculated sites.
Temperatures were monitored during cooling and freezing. Room temperatures were also recorded.

E. coli growth was modelled using an equation developed by the University of Tasmania. The
equation requires input of the temperature history during cooling/freezing, the pH of the growth
medium, the water activity and the lactate concentration. For meat in this trial the water activity was
assumed to be 0.993. The lactate concentration in meat is related to the ultimate pH, for consistency
the pH and lactate concentration were set for all calculations to 6.5 and 51.7 mM, respectively. A 5-
generation lag was assumed before growth occurred.

Temperature histories from each trial were entered into an Excel (Microsoft) spreadsheet
incorporating the predictive equation developed by the University of Tasmania and the predicted
increase in E. coli estimated. An example of one of the calculations is given in Fig. 3 (a new
calculation program has been developed that has a different appearance to figure 3 but makes
exactly the same calculations). No allowance has been made for bacterial death as a result of
freezing or of any reduction in E. coli numbers over time during frozen storage. Other models have
been used to predict the growth of E. coli in meat during freezing; these models give similar predicted
increases to those obtained using the University of Tasmania model once allowances are made for
reductions that might occur during freezing. The predicted reductions obtained using the University of
Tasmania model are compared to those found on inoculated sites in Fig 4. There was good
agreement between the predicted increases and those found with 84% of the variability accounted for
by the model (R?=0.836).

On average, the model over predicts by 0.07 Logs, CFU/g, with the average difference between
predicted and observed growth being 0.54 Log,, CFU/g (accepted by many as the limit of accuracy of
the plate count technique see Jarvis, 1989). The 95% of the predicted values are <1.5 Logyo CFU/g
different from the observed values. The largest deviation observed was 1.72 Log,o CFU/g.
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Fig 3: Calculation of predicted growth in E. coli using an Excel spreadsheet model incorporating the predictive equation.
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= Warm-boned mutton

= Hot-boned mutton

o Hot boned beef - Cold store

= Hot-boned beef - Plant freezer

in coliform bacteria on

inoculated surface (faecal suspension) of meat in cartons of boxed beef and
sheep meat frozen under commercial conditions plotted against the
predicted increase calculated using University of Tasmania model

A regression plot of the data showing the 95% confidence interval for the line and the 95% predictive
interval is given in Fig. 5. When the two observation with large standard residuals were removed
from the calculation a better fit (R* =0.89) was obtained (Fig. 6).

Data generated in these trials has some underlying variability. This may be due to the nature of the
inoculum and the proportion of coliforms present in the faeces used in each experiment. The model
developed by the University of Tasmania predicts the growth of E. coli and the growth of coliform
bacteria may not be as well predicted by the model. A better fit can be obtained by using average

values for the beef trial where zero time data were not collected (R* =0.9).

When the model was validated by trials involving inoculation of
hot boned meat, there was good agreement between observed
and predicted growth (R?=0.89)
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Fig 5: Regression plot of all data showing the line of best fit and its 95%
confidence interval. The 95% prediction interval is also given
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Fig 6: Regression plot of data without two unusual observations with large
residues, showing the line of best fit and its 95% confidence interval. The
95% prediction interval is also given
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5.2 Chilled primals

Growth of mesophilic bacteria on meat is dependent on the temperature, pH and tissue type.
Salmonella and E. coli grew after only a short lag Eeriod both aerobically and anaerobically, on beef
fatty tissue and on high pH muscle (pH > 6) at 25 "C (Grau, 1983). During cooling of hot boned meat
growth of E. coli and Salmonella is more Ilkely on fatty tissue or muscles of high pH than on lean
tissue of low pH. This could have a large impact on the predicted growth of E. coli on hot boned
primals during cooling. Growth would be greater when fatty tissue is present at the surface of
microbiological concern (i.e. the slowest cooling point in the carton) or when the meat has a high pH.

A number of experiments have been done over the past decade in which growth of E. coli was
measured on lean and fat surfaces of primals (Grau, Shay, Vanderlinde and others, CSIRO Meat
Research Laboratory). Organisms were inoculated either as broth culture or faecal slurry and the
progress of cooling monitored by data Iogglng Bacterial counts were obtained from fatty tissue and
lean surfaces before and after cooling to <7 °C. Predicted increases in E. coli were calculated using
Equation 1, with parameters adjusted for low pH lean and high pH fat surfaces. The parameter values
used in the model are given in Table 5. While these values do not necessarily represent the actual
values of pH, aw and lactate of the lean and fatty tissue used in the experiments, they are within the
expected range of these parameters for these tissues and give the best overall fit to the observed
data and therefore are average values industry can use for evaluating the effect of cooling on E. coli
growth. Lactate concentrations were estimated based on published data (Grau, 1980; Bendall, 1979;
Newbold and Scopes, 1967; and Puolanne and Kivikari, 2000).

Table 5: Parameter values used for estimating the growth of E. coli on
lean and fatty surfaces of vacuum packaged primals during cooling.

Low pH lean Fat
pH 54 6.8
Lactate (mM) 86.5 0
aw 0.993 0.990

Data are presented in Fig 7 for both faecal and broth inocula (with a 5-generation lag). The model
accounts for 56% of the observed variability in the data. While not as good a fit as obtained with data
for manufacturing meat it is still a reasonable fit given the underlying variability in the data. From
experimental work conducted at CSIRO it is known that the pH of meat can vary both from muscle to
muscle and at different locations within a muscle e.g. a striploin may have pH variability of 0.5 along
the muscle. It is not practical to account for this variation in pH when applying the model on a day-to-
day basis.
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Fig 7: Observed increases (logy, CFU/cm?) in E. coli on inoculated fat
and lean surfaces (broth and faecal inocula) of hot boned primals during
cooling. Meat was cooled in an experimental chiller. Predicted increase
calculated using University of Tasmania model. Solid line is the
regression line for all points. Open symbols broth culture, closed
symbols faecal inocula. Squares are results from fatty tissue and
triangles are from lean surfaces.

When the model was validated by trials involving
inoculation of hot boned boxed meat, there was good
agreement between observed and predicted growth
(R?=0.89). When the model was validated by trials involving
the inoculation of primals, there was reasonable agreement
between observed and predicted growth (R*= 0.56).
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6 Predicting meat temperature and the potential for
pathogen growth on hot boned boxed trim during
chilling

The risk posed by frozen boxed trim will depend, in part, on the amount of growth that occurs during
chilling. The centre of a carton is the area of microbiological concern. This area may be small in
relation to the overall size of the carton and therefore may not contribute significantly to the overall
contamination of comminuted product derived from the trim after cooling.

An investigation was made to estimate the magnitude of growth occurring on trim during a typical
cooling scenario and the subsequent bacterial load in minced meat

Meat temperatures throughout a carton of boxed beef were estimated using Food Product Modeller
(FPM)1. Parameters in the model were set to represent a typical carton used by Australian
manufacturers. The initial meat temperature was set at 31 °C and the cooling conditions simulated
were -25 °C at an air speed of 3 ms™. To reduce the complexity of the spreadsheet model, E. coli
growth was estimated using the CSIRO model. No allowance was made for a lag period prior to
growth. The temperature history of the thermal centre of the meat is shown in Figure 8.
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Fig 8: Predicted temperature history for boxed beef during cooling in a freezer operating
at -25 °C with an air velocity of 3ms™

Temperature histories at 935 locations throughout the carton were modelled and the possible
proliferation of E. coli estimated (5 x 11 x 17). An example of the calculated E. coli growth in the
centre portion of the carton is shown in Figure 9.

! Version 2.00.1204. Copyright 1993-2000, MIRINZ Food Technology New Zealand and Meat & Livestock
Australia
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Log 11

Fig 9: Estimated proliferation of E. coli in the central portion of a carton of meat
during cooling at —25°C

The predicted proliferation was less at the surface (Figure 10).

Log

Fig 10: Estimated proliferation of E. coli near the surface of a carton of meat during
cooling at -25 °C

It is not possible to get an estimation of the surface temperature using Food Product Modeller. This is
due to the way that FPM proportionally sets temperature modelling points (or nodes) throughout the
carton.

By adding the growth predicted at each temperature node and equating this to the weight of meat
represented by a node and the total weight of met in a carton, it is possible to estimate the overall
growth of E. coli during cooling. No allowance has been made for any death of E. coli as a result of
chilling or freezing. In order to estimate the total number of E. coli after cooling it was assumed that
the starting count was one E. coli per node i.e. 935 E. coli per carton (or 0.03 E. coli per g, since each
node represents 29g). The estimated number of E. coli in the carton after cooling was 0.87 per g, an
average increase of 1.4 logs. The maximum increase predicted at any site was 2.3 logs i.e. at the
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thermal centre. The model cannot estimate surface temperatures due to the proportional allocation of
nodes throughout the carton. The surface temperature was estimated for the top portion of the carton
i.e. approximately 3 cm from the surface. The number of nodes that can be assigned is limited by
computing power.

Modelling of temperatures throughout a carton of meat during
cooling demonstrates that the overall increase in E. coli is
lower than that calculated at the thermal centre

For a typical carton, growth at the thermal centre of a carton
was estimated at 2.3 logs while the overall growth was only
1.4 logs, nearly one-log lower.
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7 Predicting E. coli growth in chilled primals

There are a number of factors that influence the growth of bacteria on fresh meat. While temperature
is the dominant controlling factor, intrinsic properties of the meat i.e. pH and water activity are also
important. The general form of the predictive equation uses average values for pH and water activity
for bulk packed meat to predict the growth of E. coli at various temperatures. This makes the models
more ‘user friendly’ but also its applicability to all situations. The temperature used to calculate the
growth of bacteria is also not representative of the whole product, being the temperature at the
slowest cooling part of the carton. In effect these factors contribute to the inaccuracy of the model.
The more a particular product differs from the general model the poorer the prediction obtained using
the model.

Vacuum packaged primals are an example of a product that does not necessarily conform to the
parameters used in the general model. Also, this type of product is usually consumed without
comminuting; therefore contaminating bacteria will be destroyed on cooking. However, in some cases
whole primals are ground before consumption and this needs to be considered when determining an
acceptable hot boning index for this type of product. If an entire primal were ground and used for the
purpose of making patties, the site of microbiological concern is shifted to the centre of the patty, with
the possibility that pathogens introduced to the centre of the patty from the surface of the primal could
introduce risk, typically if the patty were undercooked. If it is assumed that the entire carton is ground
an estimate can be made of the overall increase in E. coli from the contact areas. There are other
considerations as well. Muscle pH in primals is generally lower than that observed in bulk packed
meat; therefore growth on exposed lean surfaces will be slower than that predicted using the general
form of the model.

The following section details a practical example of how the potential risk of E. coli growth on vacuum
packaged primals can be estimated. The example does not consider the effect of lean surfaces at the
contact area and this may be something individual plants might like to consider when determining the
refrigeration index for other products, such as heavily trimmed primals for specific markets. The
example highlights the key data required for calculating the hot boning index for specific products i.e.
the contact surface area in relation to the whole surface area and the weight of the primal

The following section details the findings from an investigation of:
e contact areas of large cuts such as rumps
e growth of E. coli on contact and non-contact surfaces of primals during cooling
o the effect of grinding on the overall increase of E. coli

Methodology

Rumps were selected because they represent large, slow-cooling primal cuts. Before the trial the
total surface area of a number of rumps was estimated by removing the heat shrink vacuum bags
and measuring the surface area of the bags. The surface area was then graphed against the weight
of the primal (Fig 11). The relationship between primal weight and total surface area was used in the
trial to estimate the surface area of each of the primals.

The cooling of vacuum packaged rumps was followed by locating thermocouples (copper/constantan)
over contact surfaces and non-contact surfaces of selected cuts (Figs. 12-13). The contact area for
each cut was estimated visually by sketching onto a piece of paper and then estimating the area with
the aid of graph paper. Temperature histories were analysed using the model developed by
researchers at the University of Tasmania. No allowance was made for differences between the pH
of lean and fat surfaces at the contact area.
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Fig 11: Relationship between the surface area and weight of rumps

Estimates were made of the predicted growth on all primals within each carton and of the count/g if
the entire carton were ground. A correlation was made between the maximum HBI (located at the
slowest cooling point) and the estimated log increase/g in ground primal.

Fig 12: Individually wrapped rumps showing placement of
thermocouples and contact areas

Fig 13: Vacuum packaged rumps showing placement of
thermocouples and contact areas
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Results

Estimation of HBI across the primal surface

The Hot Boning Index (HBI) for sites across each primal monitored is given in Table 6. Only
thermocouples located at the top and bottom of the cuts were outside the contact area. HBIs were
calculated using the general form of the predictive equation (pH 6.5, ayw 0.993 and lactate 51.7 mM).
HBIs at the centre of each contact area were higher than those towards the edge of the contact area.
At the slowest cooling point (centre) HBIs ranged from 1.5-4.7. At contact points intermediate
between the centre and periphery HBIs ranged from 1.3-4.3. At the edge of contact HBIs ranged from
0.1-2.7 and at the bottom (in contact with the carton floor) from 0-1.3. No growth in E. coli was
predicted at the top of any of the rumps monitored during the trial.

Calculation of E. coli growth at the surface

The area was estimated of each of the zones listed in Table 6 and multiplied by the E. coli count/cm?
prior to chilling, assumed to be 1CFU/cm? (this is a gross overestimation of the contamination but as
we are only interested in the potential increase the starting count is irrelevant) The total surface area,
calculated from the weight of each rump was used to estimate the total E. coli loading/carton before
chilling. Bacterial loadings on each of the five zones listed in Table 6 were added to calculate the
loading of E. coli/carton after chilling.

Table 6: Hot boning index calculated for surfaces on rumps during cooling
Predicted log growth at each contact and non-contact point

Carton Centre Intermediate Edge of contact Bottomandend  Top
1 2.9 24 1.4 1.2 0
2 3.7 3.1 1.1 1.3 0
3 3.8 3.0 0.6 0.8 0
4 2.8 2.0 0.2 0 0
5 4 3.6 0.9 0.5 0
6 4.7 4.0 1.4 0.5 0
7 3.7 29 0.4 0.3 0
8 3.3 2.9 1.0 0.5 0
9 2.6 2.8 2.1 0.5 0
10 2.6 2.6 2.2 0.5 0
11 2.7 2.6 2.0 0.2 0
12 2.3 2.1 1.5 04 0
13 1.5 1.3 0.1 0.1 0
14 1.9 1.6 0.2 0 0
15 3.1 3.1 0.9 0 0
16 3.6 3.0 2.1 0.6 0
17 4.5 3.2 0.8 04 0
18 4.6 4.3 2.7 0 0
19 4.4 4.1 24 0 0
20 2.7 2.0 0.4 0.5 0

Calculation of E. coli in ground primal

The total loading of E. coli/carton was converted to a count/g by dividing the total E. coli/carton by the
weight of product in each carton. This was done both before and after chilling and, when the former
was subtracted from the latter, it was possible to estimate the predicted increase in E. coli/g during
chilling (Table 7). Since the initial count was assumed to be 1 CFU/g (log101=0), then the logq of the
final count is equal to the HBI.
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Table 7: Estimated E. coli counts (CFU/g) in ground rumps before and after chilling
Logqo E. coli/g

Carton Before After chilling  Increase
1 -0.45 0.97 1.42
2 -0.44 1.75 219
3 -0.48 1.54 2.02
4 -0.47 0.69 1.16
5 -0.48 2.16 2.64
6 -0.48 2.53 3.01
7 -0.47 1.62 2.09
8 -0.46 1.45 1.90
9 -0.46 1.21 1.68
10 -0.45 1.03 1.48
11 -0.46 1.18 1.63
12 -0.46 0.65 1.10
13 -0.47 0.01 0.47
14 -0.46 0.23 0.69
15 -0.46 1.39 1.85
16 -0.43 1.58 2.02
17 -0.46 218 2.65
18 -0.45 2.86 3.31
19 -0.48 2.55 3.03
20 -0.46 0.68 1.14

Correlation of maximum HBI and estimated increase in ground primals

It was possible to draw a correlation between the HBI predicted at the centre of the contact area for
each carton of rumps and the estimated increase in E. coli count/g if the primals in the carton were
ground (Figure 12). This correlation only applies to rumps packed and chilled under the conditions of
the trial.
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Fig 12: Relationship between centre HBI and estimated E. coli/g if all primals were ground

Discussion
There was a good relationship between the HBI and the predicted increase in E. coli should the entire
carton be used for the manufacture of ground beef. Allowing for some variability, and the fact that
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slower growth rates on lean surfaces were ignored, it appears that the HBI calculated at the slowest
cooling point, overestimates the total growth per g by about 1-log or 10-fold.

The actual growth of E. coli on primals is not only a factor
of the temperature but also the pH of the tissue and the
surface area at slow cooling points.

The model indicates that growth will be slower on lean than
on fatty surfaces. The area of the primal that cools slowly is
relatively small.

In a trial on rumps, the average growth of E. coli was 1
log+o less than predicted by cooling at the slowest cooling
site.
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8 In-plant microbiological data

As part of the trial period during which HBIs were calculated for all chillers, plants undertook parallel
microbiological analysis at the slowest cooling points. For manufacturing meat, this was the surface
of a piece of trim place deliberately located at the centre of the carton. For primal cuts counts were
carried out on large primals such as rumps at the slowest cooling point i.e. the centre of the contact
area between cuts.

In Table 8 are presented summary data for plants A and B which monitored microbiological counts by
drilling samples from defined sites of frozen manufacturing meat. Product means were log 1.90 and
2.5/g and prevalence of E. coli 2.0% and 11.5% at plants B and A, respectively.

Table 8: Total viable counts (TVC/g) from drilled samples of frozen
manufacturing meat

Log TVC/g E. coli (%)
Mean SD Maximum
Plant A (n=113) 250 0.62 4.48 115
Plant B (n=737) 1.90 0.9 4.8 2.0

In Table 9 are presented TVCs taken from contact areas of primals after chilling in the carton at
Plants A and C. Mean log TVC/cm?® was 2.69 at Plant A and 1.47 at Plant C.

Plant C also monitored microbiology of product before and after chilling by sponging contact surfaces
of large primals (rumps). As indicated in Table 9, for the 100 samples tested, the mean log TVC/cm?
was 1.08 before chilling and 1.47 after.

Table 9: Total viable counts at contact surfaces of primals sampled at
Plants A and C

Log TVC/cm® E. coli (%)
Mean SD Maximum
Plant A (n=238) 2.69 0.68 5.0 12.6
Plant C unchilled (n=100) 1.08 0.55 3.23 Not done
Plant C chilled (n=100) 1.47 0.63 3.32 Not done

At Plant C data loggers placed on the area where counts were taken established a mean HBI of 1.1
with a maximum of 3.8 and minimum of zero. The mean increase in TVC (log 0.39) was less than that
predicted by the HBI (1.1) which would be due to measuring TVC when the HBI predicts E. coli
growth and also may be due to the testing of naturally-contaminated sites and that different sites
were sampled pre- and post-cooling; the main criterion was that samples were taken from the centre
of the contact area between cuts.

In Plant D, all cuts which had “high” HBIs (>3) were sampled. In Table 10 it can be seen that “worst
case” counts (large, slow-cooling cuts) had a mean log TVC/cm? of 2.54, with counts ranging from log
1.44/cm? to log 3.40/cm?. E. coli were detected on 2/18 samples (limit of detection 0.25/cm2) with
both counts being 0.5 cfu/cm?.

Table 10: Total viable counts at contact surfaces of large primals which
had high HBIs sampled at Plant D
Mean SD Minimum Maximum
Log TVC/cm® (n=18) 254 0.66 1.44 3.40
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At Plant A, microbiological counts were obtained at the thermal centre of naturally-contaminated trim
located at the slowest cooling point of the carton. After freezing a sample approximately 25cm? was
chipped with a sterile chisel and the TVC and E. coli count obtained. As indicated from Table 11, the
mean TVC was log 2.75/cm? at the slowest cooling point. E. coli was detected on 19/170 samples, 18
of which were <50/cm?® and one was 810/cm?.

Table 11: Total viable counts at contact surfaces of large primals
which had high HBIs sampled at Plant A
Mean  Minimum Maximum
Log TVC/cm® (n=170) 2.75 1.44 3.40

In-plant chilling data (HBIs)

Plants routinely monitor rates of chilling by inserting data loggers at the slowest cooling points of
manufacturing (bulk) meat and primals. In Table 12 is presented summary chilling data for
manufacturing meat from Plants A and B where the former was able to conform with all three
performance criteria (mean = 1.5; 8o™ percentile 2.0; maximum 2.5) while the latter (Plant
B)conformed except for one logger which exceeded the target maximum of 2.5.

Table 12: HBIs for manufacturing meat from Plants A and B

Plant Samples (n) Mean 80" percentile Maximum
A 308 0.5 1.0 2.5
B 39 04 0.7 3.0

In Table 13 is presented summary chilling data for primals at Plants A-D. HBIs were higher for
primals than for manufacturing meat, particularly for large primals (e.g. rumps with mass greater than
6kg). Plant A conformed with all three performance criteria. Plants B-D were able to conform with the
mean performance criterion (HBI=1 .52 but were unable to meet the target maximum (HBI=2.5) or, in
the case of large primals, with the 80" percentile (HBI=2.0).

Tablel3: HBIs for primals from Plants A-D

Plant Samples (n) Mean 80" percentile Maximum
A 29 0.9 1.5 24
B 11 1.0 1.62 3.5
c* 81 14 2.6 5.1
Cc* 100 1.5 2.6 3.9
C 100 1.1 1.9 3.8
D 37 1.1 2.0 2.9

* Only large primals (rumps) surveyed

Plants are able to comply with the HBI, though problems may
be encountered with large primals. Taken as a whole, these
“worst case” data reflect low levels of post-chilling
contamination, even when high HBIs have occurred.
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9 On-plant operation of the Hot Boning Index

All hot boning plants undertake data logging of manufacturing meat and of primals in order to validate
that chilling/freezing regimes can conform with the hot boning criteria.

For ongoing verification that the criteria are being met, plants will undertake data logging that reflects
the range and volume of hot boned products manufactured. That is, both boxed beef and primals will
be monitored in approximate proportion to volumes manufactured. A calculation tool (based on this
publication) has been developed that allows selection of products according to whether they are trim
or primals and, in the latter case, whether they are predominantly lean or have significant fat cover
e.g. rumps. In this way, over time, continued conformance with the criteria will be verified.

While some products, such as large rumps, may have HBI > 2.5 at the contact area with the next
primal in the carton, non-contact areas of the cut have HBI=0 (see Table 6).

Plants may apply a risk-based approach to deal with high HBIs. Assessment of risk takes account of
the fact that:
e The site of microbiological concern is only a relatively small proportion of the surface area of the
primal.
e Primals generally are consumed after a cooking process which destroys pathogens at the
surface. In such cases the risk of consuming a pathogenic organism is extremely low.
¢ Occasionally, large cuts or portions of large cuts may be ground. The site of microbiological
concern is now altered from surface contamination of the primal to the entire mass of the ground
product. Should the product be undercooked, the risk is increased, relative to that of the risk
associated with the intact primal.

A calculation tool (based on this publication) has been developed that may be used for rumps. It
takes account of the risk associated with ground product by integrating the contact and non-contact
areas and their respective HBIs to give a modified HBI. This approach may be used with all primals
and modified to various levels of complexity by dividing primals into areas each of which has an HBI.
This is the approach taken in Chapter 7.

The risk-based approach may be augmented by microbiological monitoring which will provide further
evidence of satisfactory control of the process.
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