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ABSTRACT

A temperature function integration technique that involves the calculation of the potential growth of Escherichia coli to
obtain a process hygiene index (PHI) is the New Zealand industry standard method for assessing the potential for growth of
enteric bacteria during meat cooling processes. The existing criteria to determine the acceptability of a cooling process with
PHI values take no account of the differences between meat products and thus limit processing flexibility. A methodology
was developed to set criteria for processing acceptability, based on the frequency distribution of the indicator organism E. coli
number on meat carcasses immediately after slaughter (in log2 CFU per square centimeter) and a requirement that the E. coli
numbers at the end of the cooling process be less than or equal to some maximum acceptable level. This methodology was
used, along with accepted guidelines for maximum acceptable levels of E. coli in the meat and measured initial E. coli numbers
for the whole New Zealand meat industry, to develop a set of PHI criteria that would be satisfied by a good-practice meat
processing operation. A Monte Carlo modeling approach was used to illustrate the implications of these criteria if they had
been applied to cooling processes for beef and lamb previously evaluated by the authors. If the proposed criteria were adopted,
the maximum allowable PHI for beef cooling could be higher than that for lamb cooling because of the lower initial E. coli
numbers found on beef than on lamb carcasses.

The New Zealand meat-processing industry operates in
compliance with Industry Standards (16–18). These stan-
dards were agreed on between the industry and the New
Zealand Food Safety Authority (NZFSA). The industry
standards implement hazard analysis critical control point
procedures. These standards specify requirements for hy-
giene during slaughter, dressing, postslaughter chilling of
carcasses or meat, and boning and cutting. The NZFSA
Verification Agency verifies standards compliance. Similar-
ly, the effectiveness of dressing procedures is verified on
carcasses and cut products under the National Microbial
Database (NMD) microbiological monitoring program,
which includes analysis for the aerobic plate count, Sal-
monella, Escherichia coli, and E. coli O157:H7. These
counts are recorded in a central database maintained by the
NZFSA and are extensively analyzed to confirm that the
food safety assurance system is working as designed.

Under New Zealand industry standards (18), the per-
formance of a cooling process is assessed by a temperature
function integration technique to obtain a process hygiene
index, or PHI (12). This technique uses models of the aer-
obic (8) and anaerobic (20) growth of E. coli, as this or-
ganism was deemed indicative for the enteric pathogens
found in raw meat (7, 15). The models predict generations
of potential growth (i.e., log2 units), calculated from mea-
sured temperature histories at specified locations on meat
carcasses or in packages. Although the growth models have
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been verified against the observed growth on fresh meat
(20), the PHI values have been used in practice as index
numbers rather than as predictors of the actual growth be-
cause the models do not take into account certain factors,
such as surface drying (12), that may reduce the actual
growth below its potential maximum. The temperature
function integration models used to calculate the PHI values
are shown in equation 1 for aerobic growth (8) and in equa-
tion 2 for anaerobic growth (20) of E. coli, where y is the
rate of growth in generations per hour, and T is the tem-
perature in degrees Celsius.

2⎧[(0.0513T) � 0.17] if 7�C � T � 30�C
2⎪[(0.027T) � 0.55] if 30�C � T � 40�C

⎨y � (1)
2.66 if 40�C � T � 47�C⎪
0 if T � 7�C or T � 47�C⎩

2⎧[(0.0433T) � 0.15] if 7�C � T � 30.5�C
2⎪[(0.0163T) � 0.676] if 30�C � T � 40�C

⎨y � (2)
1.77 if 40�C � T � 45�C⎪
0 if T � 7�C or T � 45�C⎩

In practice, recording of the carcass temperature (man-
ually or by logger) is initiated immediately after slaughter
and dressing, i.e., following postmortem inspection (18).
Recording continues through all trimming and marshaling
activities prior to cooling and then during cooling until the
surfaces of microbiological concern have been reduced to
7�C or less. For cold-boning processes, temperatures are
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TABLE 1. The 60th, 80th, and 99th percentiles and observed maximum number for E. coli on New Zealand ovine carcasses and beef
sides after slaughter, from the New Zealand National Microbial Database from October 1998 to March 2000a

Species and position 60th percentile 80th percentile 99th percentile
Observed
maximum

No. of
samples

Ovine leg (5 cm2)
Ovine flap (5 cm2)
Ovine Y-cut (5 cm2)
Bovine rump (100 cm2)
Bovine flank (100 cm2)

�1.03
1.99
1.00

�3.75
�3.75

1.59
3.82
2.82

�3.75
�3.75

7.31
7.97
7.31
0.00
0.33

15.95
17.61
14.28
9.63
9.63

16,916
16,917
16,902
9,198
9,208

Bovine brisket (100 cm2)
Bovine leg (5 cm2)
Bovine flank (5 cm2)
Bovine brisket (5 cm2)

�3.75
�1.03
�1.03
�1.03

�3.75
�1.03
�1.03
�1.03

�1.00
1.00
2.66
2.33

12.29
8.97

10.30
9.97

9,204
11,332
11,340
11,333

a Results below the limit of detection were assigned values that were half the limit of detection (�3.75 or �1.03 log2 CFU/cm2 for
100- and 5-cm2 samples, respectively). The standard errors of the percentile estimates were not significant at the precision shown here.

generally measured until the completion of carcass cooling.
For hot-boning processes, temperatures are measured
through cutting and boning, packing, and carton cooling.
Calculation of the PHI includes an allowance for any
elapsed time between the end of slaughter and dressing
(when the carcass temperature is about 37�C) and the ini-
tiation of temperature recording (18). An allowance is also
made for any period when the logger is temporarily re-
moved from the product (e.g., during warm-cutting, be-
tween carcass and carton cooling).

The New Zealand industry standard (18) requires that
a process to cool any meat product be validated with a
three-class sampling plan in which a random sample of n
items (such as of cartons, lamb carcasses, or beef sides) is
taken, and the criteria are satisfied if no more than c of
these items have calculated PHI values above a lower limit,
m, and none have values above an upper limit, M (11).

On the basis of the specification proposed by Reichel
et al. (20), a process is compliant with the New Zealand
industry standard (18) if a random sample of n � 20 PHI
values satisfies the limits of M � 14 generations, m � 10
generations, and c � 20% of n. An original additional cri-
terion that the mean PHI value be less than seven genera-
tions was removed from the specification in 2004.

These validation criteria do not take into account initial
microbial loads. An alternative set of criteria is sought that
takes initial microbial loads into account and thereby allows
improved flexibility in processing while continuing to pro-
vide the current high level of food safety assurance for each
species of interest to the New Zealand meat industry.

MATERIALS AND METHODS

The alternative criteria proposed in this study were developed
with the following two steps. (i) The equivalence of PHI to the
number of potential generations of E. coli growth during a cooling
process was used to calculate proposed validation criteria for cool-
ing processes on the basis of summary statistics for the E. coli
numbers found on New Zealand meat products prior to cooling.
(ii) The proposed criteria were then assessed by calculating the
probability distributions for E. coli on meat surfaces after cooling
for some example processes on the basis of the probability dis-
tributions for the E. coli numbers found on New Zealand meat

products prior to cooling and the probability distributions for the
PHI values calculated for the cooling processes.

Several assumptions were made in developing the method.
These assumptions are noted where they apply, and the validity
of each is assessed in ‘‘Results and Discussion.’’

The proposed criteria. If the E. coli number at the start of
cooling were taken as the initial level at postmortem inspection,
then, given that the PHI is equivalent to the number of potential
generations of E. coli growth during a cooling process, the poten-
tial E. coli number after cooling would be the population at the
start multiplied by 2PHI. A compliant meat processing and cooling
operation should therefore satisfy equation 3 for the E. coli num-
ber (see assumption i).

log2(initial number before cooling) � maximum allowable PHI
� log2(maximum acceptable number) (3)

To calculate the maximum allowable PHI from equation 3,
it was therefore necessary to find the values for the E. coli number
initially and the maximum acceptable E. coli number.

Initial E. coli numbers. Data used to derive frequency dis-
tributions for the initial E. coli numbers that were representative
of products from the New Zealand meat industry as a whole were
extracted, courtesy of the NZFSA, from the New Zealand NMD
for the period from October 1998 to March 2000 (which was the
latest period of complete data when the project commenced). The
data obtained included aerobic plate counts and E. coli numbers
obtained weekly by a set of prescribed methods (19) for a range
of species and products at various stages in the process from meat
plants throughout New Zealand. The sites on carcasses selected
for sampling (19) had previously been identified as those most
likely to be contaminated under New Zealand processing condi-
tions. These data provided frequency distributions for E. coli num-
bers initially on various products, and they are summarized in
Table 1 (see assumptions ii–v).

Maximum acceptable E. coli number. Recommended max-
imum tolerable E. coli numbers in minced meat suggested in the
literature range from 102 CFU/g (21) to 104 CFU/g (1).

The recommended maximum E. coli numbers were converted
from CFU per gram to CFU per square centimeter by dividing by
a ratio of surface area to mass for each product. A ratio of 1.0
cm2/g was used for ovine products, and 0.60 cm2/g was used for
bovine products (see assumption vi). The recommended maximum
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FIGURE 1. Normal quantile plots for the initial E. coli number
frequency distributions for the ovine (�) and bovine (�) data.
For the ovine data, the fitted normal curve parameters were � �
�0.27 and 	 � 3.77 log2 CFU/cm2. For the bovine data, the
fitted normal curve parameters were � � �12.12 and 	 � 5.02
log2 CFU/cm2.

FIGURE 2. Cumulative frequency plot combining measured initial
E. coli numbers (for the percentiles above the limit of detection)
and fitted normal curves (for the percentiles below that limit).

FIGURE 3. Frequency distributions of process hygiene index values calculated from measured temperature histories for (a) a lamb and
(b) a hot-boned beef freezing process. The 60th, 80th, and 100th percentile figures are indicated.

E. coli numbers were then expressed in log2 units for consistency
with the rest of the analysis.

Frequency distributions for E. coli numbers initially. For-
ty-nine percent of the 50,735 ovine carcass samples and 96% of
the 27,610 100-cm2 bovine carcass samples in the NMD data had
E. coli numbers that were below the limit of detection. The Solver
function of Microsoft Excel 2002 (Microsoft Corporation, Red-
mond, Wash.) was used to fit a lognormal curve (see assumption
vii) to each of the ovine and bovine E. coli number frequency
distributions above the limit of detection (by minimizing the sum
of squared differences between the measured and fitted frequency
distributions, both shown in Fig. 1), and this fitted curve was used
to represent the frequency distribution of the undetectable E. coli
numbers. The validity of this procedure for the bovine samples,
for which only 4% were above the limit of detection, was assessed
(see assumption vii). The combined frequency distributions used
in the subsequent calculations are shown in Figure 2.

Frequency distributions for PHI values calculated for
New Zealand meat cooling processes. Two frequency distribu-
tions for PHI values were selected from 51 distributions, calcu-
lated from temperature histories measured by the authors and their
colleagues in New Zealand meat plants, to illustrate cooling pro-
cesses with PHI values that were close to the boundary between

compliance and noncompliance with the industry standard. The
first PHI frequency distribution, shown in Figure 3a, was calcu-
lated from temperatures recorded in a lamb blast freezing process.
The 80th percentile value for this distribution was less than the
maximum of 10 generations, and its highest PHI value was less
than 14 generations; thus, this distribution complied with the New
Zealand industry standard (18). The second PHI frequency distri-
bution, shown in Figure 3b, was for a hot-boned beef process.
The 80th percentile of this distribution was more than 10 gener-
ations, and the highest value measured was more than 14 gener-
ations; thus, this process did not comply with the existing New
Zealand industry standard criteria (18).

Calculations. Equation 3 was applied in two different ways.
Table 2 shows the log2 of the average 60th percentile initial E.
coli number, labeled I (see assumption viii), which was first sub-
tracted from the log2 of the maximum acceptable E. coli number,
M, to find the maximum acceptable PHI (M � I ) for each of the
ovine and bovine products. The value of I was also subtracted
from the maximum acceptable 60th percentile E. coli number, m
(see assumptions ix and x), to find the maximum acceptable 60th
percentile PHI (m � I ).

Second, the frequency distributions of the potential E. coli
numbers at the end of each cooling process were calculated for
the ovine and bovine cases by a Monte Carlo numerical method.
In each case, a sample was drawn randomly (with replacement)
from the frequency distribution for log2(initial E. coli number, in
CFU per square centimeter), and a sample was drawn randomly
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TABLE 2. Calculation of the growth that might be allowed from
the initial numbers of E. coli, I, while keeping predicted E. coli
numbers below acceptable M and m values

Species
M (log2

CFU/cm2)
m (log2

CFU/cm2)
I (log2

CFU/cm2)

Maximum
growth,
M � I

(genera-
tions)

60th
percentile
growth,
m � I

(genera-
tions)

Ovine
Bovine

13.3
14.0

6.6
7.4

1.1
�3.7

12.2
17.7

5.5
11.1

FIGURE 4. Calculated cumulative frequency distribution for E. coli numbers after cooling for (a) the ovine example and (b) the bovine
example. The percentage of samples under 13.3 log2 CFU/cm2 is shown for the ovine example, and the percentage under 14.0 log2

CFU/cm2 is shown for the bovine example.

(with replacement) from the frequency distribution of the PHI val-
ues for the relevant cooling process; then, the two samples were
added to give a calculated log2(final E. coli number, in CFU per
square centimeter). This process was carried out 100,000 times to
generate a frequency distribution for log2(final E. coli number, in
CFU per square centimeter). The measured frequency distribution
data were used above the limit of detection, and the fitted log-
normal curves were used to represent the frequency distribution
for E. coli numbers below the limit of detection. The resulting
frequency distributions for log2(final E. coli number, in CFU per
square centimeter) are shown in Figure 4.

RESULTS AND DISCUSSION

Assumptions. The following important assumptions
were made in developing the method described here.

(i) Food cooling processes are designed to control the
growth of pathogens such as Salmonella. A zero-tolerance
approach is often taken to these pathogens (15); hence, the
growth of pathogens themselves cannot be used to assess
the adequacy of a cooling process. The similarity of source
and growth rate between generic E. coli and Salmonella
has led to the use of E. coli as an indicator organism (7,
10, 20). In this study, it was assumed that if a process was
designed to keep the growth of E. coli numbers below the
maximum level indicated by equation 3, then the growth
of the pathogens for which E. coli was an indicator would
also be satisfactorily controlled. In addition, if the initial
levels of these pathogens were so low as to be undetectable,

as would be expected of a process that complied with good
manufacturing practices, then this controlled growth would
result in low final levels of these pathogens.

(ii) The number of E. coli present after slaughter was
assumed to be equal to the number present prior to cooling.
This was reasonable because, first, the relevant standard
required that the mean microbial counts on surfaces coming
into contact with meat not exceed those on the meat sur-
faces (17), and hence, there should be no net transfer of
bacteria from surfaces to meat, and second, the temperature
measurements to calculate the PHI values commenced im-
mediately after evisceration.

(iii) The data used to calculate frequency distributions
for the initial E. coli numbers were all of the data collected
from New Zealand export meat plants during an 18-month
period. All of these plants conformed to industry standards
of hygiene control. Any plants that failed to conform during
this period would have had their licenses suspended by ei-
ther New Zealand or customer country authorities and
would have been subject to additional monitoring until they
conformed once again. Other aspects of interest within the
NMD data (e.g., whether or not some conforming plants
had consistently higher performances than others) were out-
side the scope of this study.

(iv) For ovine processes, more than 95% of the records
in the NMD were for processes by the inverted dressing (2)
method; hence, these data were used to represent ovine pro-
cessing in New Zealand. For bovine processing, about 45%
of the records had been taken from 100-cm2 samples, while
the rest were from 5-cm2 samples. The records from the
100-cm2 samples were used to represent bovine processing
in New Zealand, because these measurements were more
recent than the 5-cm2 sample data, and the proportion of
samples that was below the limit of detection was smaller
for the 100-cm2 samples than for the 5-cm2 samples.

(v) The 60th, 80th, and 99th percentiles of each fre-
quency distribution for initial E. coli numbers are shown in
Table 1. It can be seen that the log2 values of the average
60th percentile E. coli numbers, for the three locations
where counts were made, were 1.1 log2 CFU/cm2 for the
ovine sample data and �3.7 log2 CFU/cm2 for the 100-cm2
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sample bovine data. These three locations were those that
were expected to have the highest E. coli numbers on the
carcasses; hence, the assumption that the average of the
numbers in these three locations represented the average
level of contamination on the carcass surface was conser-
vative.

(vi) The ratio of surface area to mass for bovine trim-
mings has been conservatively estimated at between 0.25
and 1.0 cm2/g (3). Data on the pelt areas of ovine (5) and
bovine (9) carcasses of different weights suggested that
these ratios could be as low as 0.50 and 0.30 cm2/g, re-
spectively, but to be conservative, the m and M values for
final E. coli numbers were divided by 1.0 cm2/g for the
ovine case and 0.60 cm2/g for the bovine case to convert
them to CFU per square centimeter. Thus, the M values for
the ovine and bovine processes were calculated to be 13.3
and 14.0 log2 CFU/cm2, respectively.

(vii) It was assumed that initially undetectable E. coli
numbers could potentially increase to detectable levels dur-
ing cooling. A satisfactory prediction of the E. coli number
distribution after cooling therefore required an estimate of
the initial frequency distribution that included the unde-
tectable range. The available data were insufficient to pro-
vide a reliable estimate of the distribution shapes; hence, it
was assumed in each case that a lognormal function would
adequately represent the frequency distribution below the
limit of detection. It is clear from Figure 1 that the high
ends of the frequency distributions deviated from lognor-
mality, but use of the actual frequency distribution data
above the limit of detection retained those nonlognormal
features of the distributions, while use of the fitted curves
below the limit of detection avoided the assumption that
undetectable numbers meant an absence of E. coli. The fit
of the lognormal frequency distribution to the 51% of ovine
samples with detectable E. coli provided support for the
assumption that it was appropriate to fit this distribution to
the data. The 4% of bovine samples that had detectable E.
coli were insufficient to either support or deny the assumed
lognormal distribution for the bovine case. To the extent
that this can be seen from the limited portions of the dis-
tributions that were above the limits of detection, however,
Figure 1 shows no major deviations from lognormality, e.g.,
bimodality.

(viii) The value of I was selected as the log2 of the
average 60th percentile initial E. coli number. A percentile
that was close to the median provided a robust estimate of
the location of the initial E. coli number frequency distri-
bution, while use of a higher percentile than the median for
I reduced the fraction of samples for which E. coli numbers
after cooling would exceed M. This fraction was calculated
for the ovine and bovine example processes and is dis-
cussed later.

(ix) Some typical sampling plans for food safety assur-
ance that used E. coli and fecal coliform numbers as indi-
cators (4, 14, 21) had set m at the 40th, 60th, and 77th
percentiles. In this study, the 60th percentile was selected
as a suitable proportion of the calculated PHI values for a
process that should be less than m.

(x) The figure of 104 CFU/g (1) was used for the ab-

solute maximum acceptable figure, M, for E. coli numbers
in equation 3, and the figure of 102 CFU/g (1) was used
for the m value, because the temperature function integra-
tion model predicted the maximum potential growth rather
than an actual amount of growth during a process. If both
the model and the values used for m and M had been chosen
to be conservative, the resulting criteria for a valid process
might have been very conservative.

Suggested cooling process validation criteria. The
proposed (M � I ) value for the maximum acceptable val-
ues and the (m � I ) value for the 60th percentile PHI
values that may be used as cooling process validation cri-
teria are shown in Table 2.

It can be seen that the suggested (M � I ) value for the
PHI during ovine cooling (12.2 generations) was lower than
the New Zealand industry standard criterion (14 genera-
tions), while the suggested (M � I ) value for the PHI dur-
ing bovine cooling (17.7 generations) was higher than the
criterion (18). The suggested (m � I ) value for ovine cool-
ing (5.5 generations) was lower than the mean value of
seven generations required by the original PHI criteria.
These comparisons suggested that the criteria derived for
ovine cooling, by this methodology, were more stringent
than the existing criteria, whereas the criteria derived for
bovine cooling processes could allow more flexibility in the
selection of cooling regimes than has been available to New
Zealand meat processors to date.

The figures shown in Table 2 were also compared with
the PHI values for New Zealand processes that had been
studied by other researchers, which were stated as follows.
(i) For a beef side chilling process that was thought to rep-
resent good manufacturing practices, Gill et al. (6) found
the maximum PHI to be 14 generations. (ii) For a lamb
freezing process that was considered marginal but accept-
able, Jones (12) found that the maximum PHI was 14.6
generations. (iii) For a beef side chilling process that was
considered marginal, Jones (13) found that the maximum
PHI was 18.6 generations. (iv) For a lamb chilling process
that was thought to produce meat with excellent keeping
qualities, Jones (12) found that the maximum PHI was 8.4
generations. These comparisons showed that the suggested
validation criteria compared well with the assessments of
cooling processes studied by other researchers.

Evaluation of the suggested validation criteria. The
calculated final frequency distributions for potential E. coli
numbers following the example ovine and bovine cooling
processes are shown in Figure 4.

For the ovine process, the 99th percentile of the cal-
culated final frequency distribution of E. coli numbers was
17.3 log2 CFU/cm2, and the 99.9th percentile was 19.9 log2

CFU/cm2. Although the PHI distribution for this process
complied with the New Zealand industry standard (18),
Figure 4a shows that if the potential growth predicted by
the PHI model had actually occurred, there would have
been a 9.5% chance that the E. coli numbers on any single
sample taken from the final product of this process would
have exceeded the M value of 13.3 log2 CFU/cm2. In prac-
tice, because the PHI model estimated the maximum po-
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tential growth in ideal conditions, the actual growth of E.
coli during a process of this type would almost always be
lower than that predicted by the PHI model; hence, it is
unlikely to have caused concern if this process had been
accepted.

The calculated final frequency distribution for E. coli
numbers for the bovine case is shown in Figure 4b. The
99th percentile of this distribution was 10.6 log2 CFU/cm2,
and its 99.9th percentile was 15.3 log2 CFU/cm2. Thus,
although the PHI frequency distribution for this process did
not comply with the New Zealand industry standard (18),
it would have complied with the criteria suggested here.

The acceptability or otherwise of the processes exam-
ined above could be decided rigorously if guidelines existed
for acceptable values of the (for example) 99th or 99.9th
percentiles of the predicted potential microbial count dis-
tributions after cooling. Such rigorous guidelines could be
developed on the basis of a quantitative risk assessment (3)
or, in the absence of such an assessment, they could be
decided by the judgment of food safety experts.

Similarly, the validity of the proposed criteria would
have to be evaluated before the revised PHI criteria could
be implemented by industry or included in regulatory stan-
dards. It is likely that validation studies would involve a
mixture of experimental studies and in situ evaluations un-
der commercial processing conditions.

In practice, five-sample test plans are often used to
check the hygienic quality of food products (4, 14). If such
a plan were used to test samples from the example bovine
and ovine processes discussed above, the probability of a
batch of products failing the test because one of those sam-
ples had a number of bacteria that exceeded the M criterion
of a three-class sampling plan could be calculated from the
percentile equal to that M value. For the M value for the
example bovine process of 14.0 log2 CFU/cm2 (calculated
from the maximum E. coli number in minced meat rec-
ommended by Bell et al. (1)), that percentile was 99.819%;
hence, the chance of the product failing a five-sample test
(based only on the criterion that no sample should exceed
the M value and assuming that the maximum growth pre-
dicted by the PHI model actually occurred) was (1 �
0.998195), or 0.9%. For the M value of the example ovine
process of 13.3 log2 CFU/cm2, that percentile was 90.5%;
thus, the chance of the product failing a five-sample test
(given the same assumptions) was (1 � 0.9055), or 39%.

These results demonstrated an important advantage of
calculating the probability distributions of the modeled final
E. coli numbers, which was the ability to estimate the
chance of a proposed process failing a microbiological
count test. This was possible because the calculated prob-
ability distributions took into account the variability in both
the initial microbial loading and the potential growth during
cooling for a given meat product. The distributions of initial
E. coli numbers used in these calculations were, however,
based on overall New Zealand industry data, and the var-
iances of these distributions would likely be greater than
the variances of the equivalent distributions for any indi-
vidual meat plant.

The conservative nature of the PHI model also means

that the actual E. coli numbers present would likely be low-
er than those shown in Figure 4 and that the chances of
products from the example processes failing a five-sample
microbiological count test would thus probably be much
lower than the preceding calculations suggest. These results
have indicated, however, that products from an ovine pro-
cess that satisfied the existing industry standard criteria (18)
would have a higher chance of being rejected by a micro-
biological testing procedure than products from a bovine
process that did not meet the existing criteria. This is be-
cause of the higher initial microbial loading and the greater
ratio of surface area to carcass mass of ovine carcasses
when compared with bovine carcasses. Thus, if the maxi-
mum acceptable microbial level at the end of the process
were the same (in terms of CFU per gram) for both beef
and lamb, then it might be appropriate for bovine processes
to be allowed a greater level of potential microbial growth,
and hence a greater PHI during cooling, than ovine pro-
cesses. Similarly, this methodology may suggest that a meat
processor whose stock slaughter and dressing practices re-
sulted in relatively high microbial counts prior to chilling,
as determined under the NMD program, would have less
scope to allow growth during cooling and vice versa. The
feasibility of achieving the final level of hygiene targeted
in this study in any given meat processing plant by use of
the (M � I ) and (m � I ) values calculated here would
therefore depend on the levels and distribution of both ini-
tial contamination and cooling process performance in that
plant, relative to the overall industry data used in these
calculations.

By linking the microbial growth during cooling that
would be allowed by a compliant process to the final levels
of microbial counts that would be allowed for a compliant
food product, this methodology should enable an increased
level of confidence to be placed on the values of critical
hygiene indices that may be established for meat cooling
processes. This level of confidence would be derived from
the customer and regulatory requirement that the product
meet a specified level of hygiene. This should be greater
than the confidence obtainable by controlling incremental
changes in microbial numbers during cooling processes
(such as that in the New Zealand industry standard (18))
or by basing a standard on the performance level to which
a given plant or a whole industry may perform at present.

Notwithstanding the utility of the described method
and proposed criteria, successful implementation in indus-
try would be likely to require (i) robust in situ validation,
(ii) formal linkages to benchmarked performance under the
NMD program, (iii) agreement of acceptable microbiolog-
ical performance (as defined by PHI) under the NMD pro-
gram, (iv) development of statistically robust sampling and
verification procedures, (v) evaluation of the method’s ap-
plication to products, such as offals, for which NMD data
are not available, (vi) acceptance by trade partners and reg-
ulatory bodies, and (vii) formal training and qualification
in implementing, evaluating, and auditing PHI and PHI
compliance.

Nevertheless, this study proposes alternative PHI cri-
teria that could provide a greater flexibility for meat cooling
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to the New Zealand meat industry and a greater level of
food safety assurance to New Zealand regulators and to
New Zealand’s overseas trading partners.
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