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Executive Summary 
 

Objective indicators of eating quality of pork were tested in one Australian herd. Low 
ultimate pH had the greatest impact on measures of water holding capacity, and protein 
solubility, with more moisture lost and greater protein denaturation observed with 
decreasing ultimate pH. Low Ultimate pH also impacted on the colour and thus lower pH 
resulted in lighter/paler meat. The rate of pH decline had the greatest impact on the 
development of tenderness through aging. When the early post mortem metabolism rate 
was fast no benefit of aging on Warner Bratzler Sheer force values were observed. 
However, if the post mortem metabolism proceeded at a moderate or slow rate, the 
products became more tender after aging.  
 
Carcasses that presented a low ultimate pH and/or a fast early post mortem metabolism 
rate resulted in poorer and less consistent objective eating quality. In the current herd 
68.18% of carcasses had a ultimate pH lower than 5.5, while 32.8% of carcasses had a 
ultimate pH below 5.4. For the Australian pork industry, a pH of 5.4 should be a critical 
cut-off point for ultimate pH. This threshold is based on the isoelectric point of the muscle 
proteins, and thus the meat will no longer have the ability to hold water.  These carcasses 
could be considered as having “acid meat” and should thus be identified and handled 
appropriately. A total of 16% of carcasses presented PSE like conditions which significantly 
impacted on the benefit of aging. These carcasses were identified by having elevated core 
temperatures shortly after slaughter. The two identified classifications, “acid meat” and 
“PSE-like” made up 43.9% of all carcasses and thus must be identified and significant 
interventions must be set in place to decrease the variation in eating quality caused by 
these defects.  
 
“Acid meat” was a result of excessive glycogen at slaughter which is due to the highly 
glycolytic nature of the modern genotype. However, the indicators of glycolytic/oxidative 
potential did not predict low ultimate pH, likely due to the excessiveglycolytic nature of 
the muscle, resulting in less variation. The high glycolytic potential of these animals is a 
direct product of selection for growth and efficiency, however, it is important for breeding 
programs to find a balance between efficiency and eating quality.  
 
The development of PSE like conditions was not predicted well by any measure other than 
the temperature at 18 minutes post slaughter. Elevated temperatures at this time point 
were generally associated with faster pH declines and enhanced lactate production during 
the early post mortem period, which resulted in a lack of tenderness development during 
aging. These associations were independent from other temperature measures and thus 
chilling rate did not impact this condition, rather the association between evaluated 
temperature and increase lactate production shortly after slaughter was likely an 
indication of stress pre-slaughter. Historically, the Halothane gene was responsible for 
susceptibility to stress and is believed to have been mostly removed from the Australian 
herd. However, these findings highlight that stress may still play a large role in the 
development of PSE like conditions in the Australian Herd, whether it is a result of 
handling or actual genetic potential is yet to be known. None-the-less, it seems that PSE 
like conditions are very present in the herd sampled and this needs further investigation in 
more supply chains.  
 
The development of a cuts based eating quality system must take into account the impact 
of an ultimate pH threshold as well as the development of PSE like conditions. The 
ultimate goal in the industry is to decrease eating quality variation and thus understanding 
how to control these defects will result in decreased eating quality variation.  
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1. Introduction 
 
Australian pork has had varied success with consumer over the last few years, with 
a significant number of consumers failing the product based on eating quality. It is 
common for Australian pork to have a fail rate of 30% with consumers choosing not 
to repurchase pork. The greatest impact on consumer satisfaction may be the 
reported variation in pork quality in Australia (Channon & Warner, 2011). Previous 
work for the Pork CRC has shown that consumers prefer a cut of pork that has a 
higher pH (Jose, Trezona, Channon & D'Souza, 2013), however it is very common 
that the ultimate pH of Australian pork falls between pH 5.3 - 5.4. The ultimate 
pH will then impact many quality attributes such as tenderness (Huff Lonergan, 
Zhang & Lonergan, 2010) and water-holding capacity (Fischer, 2007). However, 
the cause of this variation in pH is currently not understood, nor is the actual 
variation in pH in the Australian herd.  
 
The excessive pH decline in pork has been a topic of recent research. Most 
notably, England et al., (2016), described the difference in ultimate pH between 
oxidative and glycolytic porcine muscle. The production of lactate in the oxidative 
muscle types was lower than the glycolytic muscles types even in the presence of 
excess substrate (Glycogen), and hence glycolysis was arrested at higher a pH. It 
was concluded that the glycolytic capacity of the muscle dictates the ultimate pH 
and thus subsequent activity. Greater activity and abundance of Lactate 
dehydrogenase (LDH) can be used as an indicator of greater glycolytic fibre types 
(England et al., 2016; Gardner, Hopkins, Greenwood, Cake, Boyce & Pethick, 
2007), while oxidative muscle types are associated with greater Isocitrate 
dehydrogenase activity (ICDH) and myoglobin concentration (Gardner et al., 
2007). It is not currently understood if the extent of pH decline in Australian pork 
is due to excessive glycolytic fibre types, however, since the breeding programs 
are mostly focused on productivity and lowering costs, faster growing, highly 
glycolytic muscled animals are favoured.  
 
Pale, soft, exudative (PSE) pork is caused by protein denaturation resulting from 
high temperature and low pH conditions occurring in the early post mortem 
period. This changes the light reflectance and the water binding characteristics of 
meat. However, the description of PSE varies within the literature and the 
Australian Pork industry has no consistent definition for PSE pork. Since the 
removal of the halothane gene from the Australian herd (Channon et al., 2011), 
the rate of PSE pork has likely been underestimated, with few studies into the 
prevalence of PSE pork, as it is no longer seen as an issue. However, factors other 
than the halothane gene are known to lead to the temperature and pH conditions 
required to cause PSE (Scheffler & Gerrard, 2007). These factors require further 
investigation in a modern commercial pig to understand what is currently causing 
the rapid pH decline, while the actual rate of PSE conditions needs to be 
quantified.   
 
Aging of meat is used by the meat industry to improve tenderness. The process 
allows for the action of proteolytic enzymes to break down myofibular structures, 
subsequently improving the tenderness (Huff Lonergan et al., 2010). Under 
conditions of accelerated pH decline (typically seen in PSE pork), the enzymes 
involved in the tenderization process can be denatured, thus nullifying the benefit 
of aging (Bowles, Kastner, Dikeman, Hunt, Kropf & Milliken, 1983). However, this 
has yet to be proved in Australian pork, where previous studies have failed to 



  

 
 
 

present a great enough fall in pH decline in experimental carcasses (Rees, Trout & 
Warner, 2003a). Recently, Channon, et al. (2016) observed that aging did not 
improve the tenderness in Australian pork, nor did aging have any positive benefits 
on eating quality. With the Australian pork industry heavily focused on animal 
efficiency, the resulting eating quality is highly variable (Channon et al., 2011) 
and thus understanding of the absence of an aging effect is required to improve 
the consistency of the product.  
 
This study aimed to randomly select commercial entire male carcasses that 
represent the Australian retail product, to test the following hypothesis  
 

1. Low ultimate pH is a result of increased glycolytic and decreased oxidative 
potential in entire male pigs.  

2. Fast post-mortem (PM) metabolism rates, as measured by the production of 
lactate and pH decline, will result in pork that does not benefit from aging.   

 
The intention of investigating these hypothesis was to identify a number of points 
along the supply chain in which could be used to control or manipulate the quality 
of pork meat. Furthermore, this project aimed to identify the rates of PSE pork 
while discussing the use of a quality grade to decrease variation in Australian 
Pork.   
 
 
 

2. Methodology 
 
 

2.1 Animal Information 
 
A total of 212 carcasses from entire male pigs from the same farm were randomly 
sampled at a commercial abattoir in Western Australia over 6 different kill days. 
All pigs were commercial crosses (Landrace x Large white x Duroc) with an 
average carcass weight of 66.74kg which ranged from 49 to 93.2kg HSCW. The 
farm was located in Kojonup, WA, approximately 300km from the abattoir. Pigs 
were housed in ecoshelters and fed 5 different diets from weaning to slaughter. 
Diets were wheat/barley based rations with lupins included in grower and finisher 
rations. The digestible energy content ranged from 15MJ to 13MJ.  
 
Pigs were stunned using CO2

 to immobilze pigs prior to exsanguination. Hair was 
removed from the carcass by scalding in water baths at a temperature of 61 C for 
5-6 minutes. Time from stunning to entering the chiller was 35- 45 minutes, and 
the chillers were set at 0oC.  
 
 
 

2.2 Sample collection and meat quality measurements 
 
On the slaughter floor, a small cut was made in the skin of the carcass just cranial 
to the sirloin-loin junction at 18 minutes post-slaughter to give access to measure 



  

 
 
 

pH, temperature and remove small samples of M. longissimus thoracis et 
lumborum (LT). At 18 minutes, muscle temperature was measured using a PDT300 
digital thermometer (Comark, Norwich, UK). At the same time, a small muscle 
sample weighing approximately 5g was removed from the loin and snap frozen in 
liquid nitrogen. This was stored for the later analysis of glycogen concentration 
and the production of lactate. Once the carcasses reached the chiller 
(Approximately 45 minutes after slaughter), muscle pH and temperature was 
measured using a pH 300 hand-held pH/mV/temperature meter (Eutech 
instruments, Singapore) fitted with a temperature and IJ44C intermediate 
junction pH probe (Ionode, Tennyson). The pH meter was calibrated on two 
standards (pH4.01 and 7.0) as per manufacturer’s instructions. At the same time, 
a further two 5 g samples were taken and snap frozen in liquid nitrogen and 
stored. One sample was used for the determination of enzyme activity and the 
other for glycogen concentration and the production of lactate. The pH and 
temperature was measured again at 2, 3 and 4 hours post-slaughter. At 4 hours an 
additional muscle sample was taken to measure glycogen concentration and the 
production of lactate. Carcasses were left in the chiller over the weekend (2 days) 
and on Monday morning a piece of loin, weighing approximately 1kg (rind on) was 
removed, placed on ice and transported 50km back to the laboratory.  
The ultimate pH was measured and another two x 5g sample were taken to 
determine final lactate/glycogen concentration and protein solubility, and 
another to measure enzyme activity and myoglobin concentration (ultimate- 72 
hours PM). An approximately 40g sample was removed to measure drip loss, which 
was determined using a modified method of Honikel (1998). The sample was cut to 
a 40 g cube, with the weight recorded. The sample was then wrapped in a piece 
of square netting and suspended in a 200 ml plastic container and left to stand in a 

2C chiller for 24 h, after which it was removed from the container, gently rolled 
in paper toweling and reweighed to determine percentage drip loss.  
To measure colour, a 2cm thick steak was cut and left to bloom in air at room 
temperature for 10 min.  Meat colour was measured using a Minolta Chromameter 
Model CR-400 (calibrated on a white tile) set on the L*, a* and b* system. L* denotes 
relative lightness (higher L* values = paler meat), a* relative redness (higher a* 
values = more red) and b* relative yellowness (higher b* values = more yellow), using 

D65 illumination and a 2 standard observer. Chroma was determined using the 
following equations 
 
Chroma = [(a*)2 + (b*)2]1/2 

 

The Hue colour angle was calculated with the following equation 
 
Hue = tan1(b*/a*) 
 
The remainder of the loin was dissected into 3 equal proportions and each 
proportion was weighed and placed in a vacuum bag and randomly allocated to an 
aging treatment (0, 2 and 4 days) and stored in an anoxic environment at 2oC for 
the respective aging period. Once aged the samples were frozen and stored at -
20OC until required for Warner-Bratzler Shear Force (WBSF) measurements.  
 
Samples for WBSF were thawed and then weighed. The recorded weight was used 
to calculate purge loss, which was the percentage of loss from initial weight pre-
storage. The samples were then cooked in a water bath preheated to 70°C until an 
internal temperature of 70°C was attained (Approximately 30 minutes). Each 
sample was suspended from a metal rack and cooked in a water bath. Samples were 



  

 
 
 

then cooled in iced water for 30 minutes. Samples were dried and weighed to 
determine cook loss (expressed as a percentage of weight lost due to cooking; total 
moisture loss was also determined and expressed as the percentage weight lost from 

pre-storage to after cooking) and then stored at 4C for 24 hours. From each sample, 
five 1 cm2 replicate samples were cut parallel to the orientation of muscle fibres 
and WBSF was measured using a Warner Bratzler shear blade fitted to a Lloyd 
Texture Analyser (TA-2, United Kingdom). Values are reported in newton’s (N).  
 

2.3 Glycogen and lactate  
 
Analysis of the muscle samples collected were chemically analysed for lactate and 
residual glycogen content at Murdoch University (Perth, Western Australia). The 
glycogen assay utilised the enzymatic method of Chan & Exton (1976) excluding the 
filter paper step, and the lactate assays utilised the same homogenate. Briefly, 
250mg of frozen m. longissimus dorsi muscle samples were weighed out into test 
tubes and kept on ice. Next, 2.5 mL of 30 mM hydrochloric acid was added to the 
test tubes and the sample was homogenized for 30 seconds using a Polytron (Bosch 
GGS 27C Professional) and left to settle whilst on ice for 1 – 2 hours. Sample liquid 
(not foam), was transferred to Eppendorf tubes and frozen at -20 °C until required. 
The auto analyser (Olympus AU 400, Olympus Diagnostics, Tokyo, Japan ) used for 
completing the analysis was calibrated using lactate and glucose standards 
according to the machine manual, then 60 μl of defrosted, vortex spun samples 
were pipetted into auto analyser cups and analysed for lactate. Glycogen in each of 
the remaining homogenate samples was then broken into glucose for analysis in the 
auto analyser, by combining 125 μl of homogenate with 125 μl of distilled water and 
1 mL of an enzyme and acetate buffer mixture (0.0128 mg amylase, 0.0128 mg 
amyloglucosidase in 80 mL of pH 4.8, 40 mM acetate buffer (0.41 g sodium acetate, 
0.3g glacial acetic acid and distilled water)) and incubating in shaking water bath 
at 37 °C for 60 minutes. This mixture was then pipetted in 60 μl aliquots into auto 
analyser cups and analysed for glucose content to establish the amount of total 
residual glycogen in the muscle sample (number of moles of glucose reflects the 
number of moles of glycogen in the sample). Total glycogen was calculated by 
adding the number of moles of residual glycogen present with half the number of 
moles of lactate present (two lactate molecules to every one glucose or glycogen) 
and converting to g per 100g of muscle sample. 
 
 

2.4 Enzymatic and Myoglobin assays  

Before homogenisation the tissue was pulverised at the temperature of liquid 
nitrogen and then homogenised using a polytron (Kinematica Polytron, probe PT 
10–35; Kinematica Gmbh, Luzern, Steinhofhalde, Switzerland) at full speed in 20 
mmol/L triethanolamine, 280 mmol/L sucrose, 1 mmol/L EDTA, 1 mmol/L DTT, 
100 µmol/L PMSF and 2% triton at pH is 7.4. The homogenisation was for 40 s. The 
homogenate was then centrifuged for 10 min at 10 000 × g at 3°C and the 
supernatant collected and frozen at –80°C. The enzyme assays were performed 
using a Olympus AU400 auto-analyzer on once thawed supernatants with no loss of 
enzyme activity.  



  

 
 
 

Lactate dehydrogenase (LDH; EC 1.1.1.27) was assayed according to the procedure 
of (Ansay, 1974), and isocitrate dehydrogenase (ICDH; EC 1.1.1.42) by the method 
of (Briand, Talmant, Briand, Monin & Durand, 1981). All enzyme assays were 
checked for linearity of the relationship between time of reaction and supernatant 
volume v. activity with subsequent routine assays performed in the linear range.  

The myoglobin concentration in the muscles was estimated using the method of 
Trout (1991) after homogenisation of muscle tissue in 0.04 mol/L phosphate buffer 
(pH 6.5) using a polytron (Kinematica Polytron, probe PT 10–35; Kinematica Gmbh, 
Luzern, Steinhofhalde, Switzerland). The assay was performed using a Shimadzu 
UV-1201 spectrophotometer (Columbia, USA).   

2.5 Protein solubility 
 
The solubility of the sarcoplasmic proteins was determined by the method of 
Warner (1997). Samples were measured in 0.5g duplicates and homogenized in 5ml 
of ice-cold 0.025M potassium phosphate buffer (pH 7.2). Samples were pulverised 
at the temperature of liquid nitrogen and then homogenised on ice using a 
polytron (Kinematica Polytron, probe PT 10–35; Kinematica Gmbh, Luzern, 
Steinhofhalde, Switzerland), at half speed in 3 x 4 second bursts to minimize 
protein denaturation through heating. Samples were left overnight on ice and then 
centrifuged at 1500g at 4oC for 20 minutes and the supernatants decanted and 
frozen for about 1 week before determination of protein concentrating using the 
Biuret method.  
 

2.6 Post-mortem rate and quality category 
 
The literature available on PSE pork was reviewed and five definitions of varying 
parameters were selected to test the incidence of PSE pork in the samples 
collected (Table 1). The carcasses that fell outside these thresholds were 
considered PSE and are presented as a proportion of the consignment (%) in Table 
6. Further categories were used to classify the data set into early PM metabolism 
rates 
 
The rates of early PM metabolism were grouped into 3 groups based on the time to 
reach a pH value of 6, fast (<1.5; N=55), Medium (1.5- 3; N= 62) and slow (>3; 
N=51). The early temperature was categorized into 2 groups, hot (> 40.4; N=83) 
and cold (<40.5; N=85 ). The ultimate pH groups were categorized into 3 groups; 
High (>5.5 ;N=52), Medium (5.5-5.4 ;N= 70) and Low (<5.4 ;N=46). A final category 
was created as a combination of the temp at 18 minutes and time to pH6  
categories, resulting in 6 unique categories, Fast/Cold (FC), Fast/Hot (FH), 
Medium/Cold (MC), Medium/Hot (MH), Slow/Cold (SC) and Slow/Hot (SH) (table 
15). These categories were sorted as evenly as possible based on equal 
proportions. For example, a hot or cold temperature divided the data into halves 
based on the median values. For a group based on pH, and such variation the data 
was divided into thirds, with the first and last thirds acting as the extremes of pH 
difference. 
 
The time to pH6 (independent of pHu) for each individual sample was predicted by 
fitting the following exponential function: 
 



  

 
 
 

yt = xu + (xi - xu)
-xkt 

 
where yt is pH as a function of time, xu is pH reached at 4 hours, xi is initial pH, xk 
is the rate of pH decline and t is time, and this function was fitted to the data 
using a PROC NONLIN in SAS (SAS Institute, 2001). This enabled us to set a value 
for time to pH 6 as an indicator of early PM metabolism rate.  
 

2.7 Statistical analysis  
 
The data was analyzed with a number of alternative approaches. Most of the data 
collected was of continuous of nature and thus initially a correlation matrix was 
established to test the effects on meat. The meat quality measurements included, 
colour (L*, a*, b*, chroma and hue), water holding capacity (drip loss, purge, cook 
loss and total moisture loss), WBSF values and WBSF aging difference. The 
correlations of meat quality were reported against measures of temperature, pH 
decline, metabolites and glycolytic/oxidative potential markers. The correlations 
between water holding capacity on the WBSF values were also shown. Final 
correlations were made between pH decline, metabolites, temperatures and 
glycolytic/oxidative potential measures. From these correlations, interactions of 
significance and biological importance were investigated using a general linear 
model in SAS® with kill day always in the model to adjust for kill day variation.  
 
Carcasses were also categorized based on historic PSE definitions, or by the PM 
metabolism rates described above. In these cases, the categorical effects were 
included in the general linear model to test the impact of different metabolic 
influences on meat quality  

 
 
 

 

3. Outcomes 

3.1 Carcass and Meat quality 
The mean data for all carcass quality and meat quality attributes can be observed 
in the Appendix (Table 13). A more detailed description on a kill basis can also be 
observed in Appendix (Tables 14-17).  
 
This data is used to present the distribution and variance in the data set. Further 
in the report that data was analysed in sub groups based on rates of post mortem 
metabolism to test the impact on meat quality attributes. Most of the discussion 
lies around these sub groups.  
 

3.1.1 Classification of PSE in an Australian herd 

 

The prevalence of PSE was highly variable depending on which thresholds were used 
(Table 1). Of the 198 carcasses sampled 63.6% would be considered PSE based on 
category 1 (Warner, Kauffman & Greaser, 1997) for L* and drip loss percentage. The 
fact that almost two thirds of all carcasses had a drip loss over 5% highlights that 



  

 
 
 

water holding capacity can increase without L* increasing to high levels. Only six 
carcasses in total (3%) had an L* value greater than 60, to be considered PSE in 
category 2 (Warriss & Brown, 1995). Although paleness is an attribute of PSE, the 
colour of fresh meat is not associated with eating quality and is primarily a consumer 
preference, thus colour alone should not be used to determine PSE. Determination 
of PSE using an ultimate pH threshold of pH 5.5 (category 3; Gajana, Nkukwana, 
Marume and Muchenje (2013)) resulted in 68% of carcasses being classified as PSE. 
However ultimate pH is independent of the rate of pH decline, so can be low without 
causing protein denaturation (Scheffler et al., 2007), ultimate pH alone is therefore 
a poor indicator of PSE. Categories 4 (Bee, Anderson, Lonergan & Huff-Lonergan, 
2007) and 5 (Offer, 1991) take into account rate of pH decline hence are a more 
accurate presentation of circumstances in post mortem muscle that cause PSE. 
Although the rates described are lower than categories 2 and 3, high rates still 
existed with 28.3 and 39.4% respectively, highlighting a likely issue with PSE in 
Australian pork when 4 of the 5 published thresholds are applied.  

 
Table 1: The incidence of PSE based on published thresholds 

Category Thresholds Reference PSE non-PSE n % PSE 

1 L*> 50; Drip loss > 5% Warner et al., (1997) 126 72 198 63.64% 
2 L*> 60 Warriss and Brown (1995) 6 192 198 3.03% 
3 pHu < 5.5 Gajana et al., (2013) 135 63 198 68.18% 
4 pH @ 3 hours < 5.7 Bee et al., (2007) 56 142 198 28.28% 
5 pH decline 45mins >0.02 

units/min 

Offer (1991) 78 120 198 39.39% 

 
 
The least squares means for each historic PSE category can be observed in tables 
2-4.  
 

Category 1 
Although the category was based on a threshold of L* value of over 50, there was 
no significant difference between L values for the PSE and normal category (Table 
2). Because more than 90% of the data had a L* value of greater than 50, this 
category became more of a threshold for drip loss percentage. Across all 
carcasses, 36% had a drip loss percentage below 5% and hence there is clearly a 
drip loss issue in Australian pork from the supply chain tested. Category 1 PSE 
carcasses were less red and more blue (lower a value and higher b value 
respectively; Table 2). PSE pork had greater cook loss when aged for 2 and 4 days, 
but seemed to have less purge at 0 days aging only (P<0.05). PSE pork was not 
more tender based on WBSF values at any aging period, however aging did 
improve the WBSF values in PSE categorized carcasses (P<0.05).  
Category 1 PSE had a lower pH at 3 hours and 4 hours only (Table 3; P<0.01), 
however the time taken to reach pH6 was almost an hour and a half quicker than 
those categorized as normal (P<0.001). The carcass temperature at 2, 3 and 4 
hours post slaughter was higher in PSE carcasses (P<0.001). There was no 
difference in any metabolite post mortem, however there was greater residual 
glucose at 72 hours post mortem. There was no difference in enzyme activity or 
myoglobin or protein concentration (Table 4).  
 

Category 2 
Because only 6 carcasses overall were considered PSE by failing to have a L* value 
of greater than 60, the significance of measured carcass aspects and metabolites 
is dubious. Clearly Cat2 PSE had a higher L value but also a higher corresponding b 



  

 
 
 

value. Carcasses were heavier, had a lower pH at 45 minutes, a hotter 
temperature at 4 hours and had lower sarcoplasmic protein solubility (P<0.05; 
Tables 2 to 4), however, it must be reiterated that this group only consisted of 6 
carcasses.  
 

Category 3 
Category 3 PSE carcasses were those carcasses with a pHu lower than 5.5. It is 
highly common for Australian pork to reach a pH of below 5.5 and in this study, 
68.18% of all carcasses had a pH of below 5.5. These carcasses were leaner and 
lighter in HSCW, and had a lighter L value (P<0.05; Table 2). PSE carcasses 
required less force to shear at all aging treatments but also had greater cook loss 
and purge across all aging treatments (P<0.05).  
There was no difference in pH decline data and metabolite production during the 
period early PM, however the pHu was lower and the lactate accumulation at 72 
hours was higher (P<0.001; Table 3). There was greater residual glucose once 
ultimate pH was reached and this corresponded with greater glycogen stores at 
slaughter (P<0.001). Carcass temperatures were lower at 3 and 4 hours post 
slaughter (P<0.001). While the lactate dehydrogenase activity at slaughter was no 
different between categories, although PSE carcasses had a decreased activity of 
lactate dehydrogenase at 72 hours, possibly associated with a lower pH. None-the-
less the LDH activity was still relatively high. Cat3 PSE carcasses seemed to be less 
oxidative since myoglobin levels were lower (P<0.001; Table 4).  
 

Category 4  
This category used a rate of decline, more specifically, the pH at 3 hours post 
slaughter, to classify PSE. The pH at 45 minutes, 2, 3 and 4 hours were all lower in 
the PSE group, but there was no difference in pHu (Table 3). The mean time to 
reach pH6 was less than 30 minutes, while the non-PSE group was 3 hours 
(P<0.001). Lactate production was what was expected as per pH values, and there 
was greater residual glucose at 72 hours and greater glycogen at slaughter 
(P<0.01). Carcass temperatures were higher at 3 and 4 hours only (P<0.01).  
PSE carcasses were fatter and had a higher L value (P<0.05; Table 2). PSE 
carcasses had no improvement in WBSF after 2 days aging while the non-PSE group 
did improve in WBSF after aging. There was also less purge observed in the PSE 
groups. There was no observed differences in any enzyme activity, myoglobin 
concentration or solubility of protein between the two groups (Table 4).  
 

Category 5 
This category used an early rate of pH decline and hence all time points of pH 
decline were lower and lactate production was higher (Except at 72 hours) in the 
PSE group (P<0.01: Table 3). PSE carcasses were hotter at 18 minutes, but cooler 
at 45 and 2 hours, with no other differences observed. Glycogen at slaughter was 
lower and hence so was the residual glucose at 72 hours (P<0.01). PSE carcasses 
were lighter in HSCW and had greater WBSF values in the non-aged product 
(P<0.05; Table 2). No other differences were observed between categories.  
 
 
 
 



  

 
 
 

Table 2. Least squares means of carcass and meat quality attributes on a PSE category basis. Difference between PSE and normal for each category are 
designated by asterix; * <0.05; **<0.01; *** <0.0001 

    cat1 cat2 cat3 cat4 Cat5 

Measure  PSE Grade Estimate SEM sig. Estimate SEM sig. Estimate SEM sig. Estimate SEM sig. Estimate SEM sig. 

Fat Depth (mm) PSE 13.65 0.80   14.66 1.57   12.17 0.80 *** 14.02 0.92 * 13.14 0.88   
  Normal 12.83 0.94  11.83 0.35  14.32 0.94  12.47 0.88  13.34 0.89   

HSCW (kg) PSE 72.04 1.94   76.28 3.80 * 70.13 1.93 * 72.35 2.23   70.08 2.12 * 

  Normal 71.50 2.26   67.26 0.84   73.41 2.27   71.19 2.12   73.46 2.16   

L PSE 57.67 0.66  61.12 1.30 *** 58.01 0.68 * 58.11 0.78 * 56.95 0.74   

  Normal 57.28 0.80  53.82 0.31  56.94 0.78  56.83 0.73  57.99 0.75   

a PSE 7.24 0.34 ** 8.15 0.67   7.85 0.35   7.70 0.41   7.73 0.39   

  Normal 8.01 0.42   7.10 0.16   7.41 0.40   7.56 0.38   7.53 0.39   

b PSE 6.88 0.30 ** 7.86 0.59 *** 6.58 0.31  6.74 0.35  6.36 0.34   

  Normal 6.10 0.36  5.13 0.14  6.40 0.35  6.24 0.33  6.62 0.34   

WBSF day 0 (N) PSE 39.86 1.97   40.40 3.88   36.75 2.02 * 37.24 2.34   40.52 2.23 * 

  Normal 36.80 2.40   36.25 0.93   39.90 2.34   39.42 2.17   36.14 2.22   

WBSF day 2 (N) PSE 36.34 1.76  37.49 3.47  35.03 1.81 * 38.29 2.10  37.51 1.99   

  Normal 37.27 2.17  36.13 0.83  38.58 2.10  35.33 1.94  36.11 1.99   

WBSF day 4 (N) PSE 34.59 1.89   35.58 3.71   32.84 1.93 * 35.06 2.24   36.04 2.12   

  Normal 35.12 2.30   34.13 0.89   36.87 2.24   34.65 2.07   33.67 2.13   

ΔWBSF day 0 to day 2 (N) PSE 3.57 1.67 * 3.42 3.29  2.05 1.71  -0.56 1.99 ** 3.12 1.88   
  Normal 0.09 2.05  0.24 0.78  1.61 1.99  4.21 1.84  0.54 1.89   

ΔWBSF day 0 to day 4 (N) PSE 5.12 1.72 * 4.82 3.38   3.89 1.77   2.28 2.05   4.39 1.94   
  Normal 1.97 2.10   2.27 0.81   3.20 2.05   4.80 1.89   2.70 1.95   

24h drip loss (%) PSE 7.66 0.54 *** 5.72 1.07   5.79 0.56   5.78 0.64   5.28 0.61   
  Normal 3.73 0.66   5.67 0.25   5.61 0.64   5.61 0.60   6.11 0.61   

Cook loss day 0 (%) PSE 24.90 0.72  24.39 1.41  25.35 0.74 *** 24.06 0.85  23.93 0.81   
  Normal 23.77 0.87  24.27 0.34  23.31 0.84  24.61 0.79  24.73 0.81   

Cook loss day 2 (%) PSE 23.65 0.77 * 21.72 1.50   23.44 0.78 * 22.62 0.90   22.45 0.86   
  Normal 21.89 0.92   23.81 0.35   22.09 0.91   22.91 0.84   23.08 0.85   

Cook loss day 4 (%) PSE 23.46 0.70 * 22.35 1.37  23.53 0.71 * 22.60 0.83  22.90 0.78   
  Normal 22.17 0.84  23.27 0.32  22.10 0.83  23.02 0.76  22.73 0.79   

Purge day 0 (%) PSE 14.93 0.94 * 17.05 1.86   16.85 0.97 ** 14.43 1.12 ** 16.12 1.06   

  Normal 16.55 1.14   14.43 0.44   14.63 1.11   17.05 1.04   15.36 1.06   

Purge day 2 (%) PSE 14.93 0.94  17.05 1.86  16.85 0.97 ** 14.43 1.12 ** 16.12 1.06   

  Normal 16.55 1.14  14.43 0.44  14.63 1.11  17.05 1.04  15.36 1.06   

Purge day 4 (%) PSE 14.59 0.81   14.03 1.59   15.78 0.83 * 14.59 0.95   14.90 0.91   

  Normal 15.34 0.98   15.91 0.38   14.16 0.95   15.35 0.89   15.03 0.91   

 



  

 
 
 

Table 3 Least squares means of post mortem metabolism rates on a PSE category basis. Difference between PSE and normal for each category are designated by 
asterix; * <0.05; **<0.01; *** <0.0001 

   PSE Grade cat1 cat2 cat3 cat4 cat5 

Measure   Estimate SEM sig. Estimate SEM sig. Estimate SEM sig. Estimate SEM sig. Estimate SEM sig. 

pH @ 45 minutes  PSE 5.94 0.05  5.81 0.09 ** 5.93 0.05  5.91 0.05 * 5.70 0.05 *** 
  Normal 5.97 0.05  6.10 0.02  5.98 0.05  6.00 0.05  6.21 0.05   

pH @ 2 hours  PSE 5.86 0.05   5.86 0.09   5.91 0.05   5.73 0.06 *** 5.75 0.05 *** 
  Normal 5.90 0.06   5.90 0.02   5.86 0.06   6.04 0.05   6.01 0.05   

pH @ 3 hours  PSE 5.74 0.04 ** 5.76 0.08  5.82 0.04  5.56 0.05 *** 5.73 0.05 ** 
  Normal 5.83 0.05   5.81 0.02  5.76 0.05  6.01 0.04  5.84 0.05   

pH @ 4 hours  PSE 5.67 0.04 ** 5.68 0.08   5.74 0.04   5.56 0.05 *** 5.66 0.05 ** 
  Normal 5.75 0.05   5.75 0.02   5.68 0.05   5.86 0.04   5.76 0.05   

ultimate pH PSE 5.49 0.02  5.52 0.03  5.40 0.02 *** 5.49 0.02  5.52 0.02   
  Normal 5.52 0.02  5.49 0.01  5.61 0.02  5.51 0.02  5.49 0.02   

Time to pH 6 PSE 1.74 0.16 *** 1.27 0.91   2.31 0.16   0.48 0.22 *** 0.69 0.18 *** 
  Normal 3.09 0.19   2.33 0.14   2.31 0.24   2.93 0.13   3.12 0.13   

Temperature @ 18 minutes PSE 40.44 0.10  40.40 0.20  40.45 0.10  40.50 0.12  40.63 0.11 *** 
  Normal 40.47 0.12  40.51 0.05  40.46 0.12  40.41 0.11  40.28 0.11   

Temperature @ 45 minutes PSE 37.96 0.47   37.67 0.92   37.86 0.47   38.15 0.54   37.35 0.51 ** 
  Normal 38.02 0.55   38.31 0.20   38.12 0.55   37.83 0.51   38.63 0.52   

Temperature @ 2 hours PSE 27.15 0.78 *** 26.80 1.52  25.46 0.80  26.47 0.92  24.92 0.87 ** 
  Normal 24.71 0.94  25.06 0.37  26.40 0.92  25.39 0.85  26.94 0.87   

Temperature @ 3 hours PSE 21.27 0.63 *** 21.09 1.23   19.08 0.65 *** 21.12 0.74 ** 19.61 0.71   
  Normal 19.02 0.76   19.20 0.30   21.21 0.74   19.17 0.69   20.68 0.71   

Temperature @ 4 hours PSE 17.94 0.65 *** 18.16 1.27 * 15.60 0.66 *** 17.80 0.77 ** 16.75 0.73   
  Normal 15.89 0.78  15.67 0.31  18.23 0.77  16.02 0.71  17.07 0.73   

Glycogen at slaughter (g/100g) PSE 1.11 0.03   1.08 0.05   1.17 0.03 *** 1.13 0.03 ** 1.05 0.03 *** 
  Normal 1.09 0.03   1.12 0.01   1.02 0.03   1.06 0.03   1.15 0.03   

Lactate @ 18 minutes PSE 68.54 1.82  72.35 3.59  69.37 1.88  71.66 2.13 * 72.12 2.03 *** 
  Normal 70.65 2.18  66.85 0.80  69.82 2.10  67.53 1.97  67.07 2.02   

Lactate @ 4 hours PSE 90.01 2.65   90.41 5.23   91.37 2.72   95.51 3.01 *** 93.59 2.99 ** 
  Normal 89.89 3.13   89.48 1.17   88.52 3.05   84.38 2.95   86.31 2.88   

Lactate @ ultimate PSE 106.92 1.50  107.66 2.94  111.28 1.54 *** 107.98 1.77  106.30 1.68   
  Normal 108.10 1.83  107.36 0.71  103.74 1.77  107.04 1.64  108.72 1.69   

Residual glucose @ ultimate PSE  13.28 1.32  *  10.78   2.6   13.88  1.36  ***  13.82  1.57  **  10.32  1.49   ** 
  Normal  10.73 1.62    13.24   0.63   10.13  1.57    10.19  1.45    13.69  1.50    

 
 
  



  

 
 
 

 
Table 4 Least squares means of Lactate dehydrogenase activity, Myoglobin concentration, Isocitrate dehydrogenase activity and protein solubility on a PSE 
category basis. Difference between PSE and normal for each category are designated by asterix; * <0.05; **<0.01; *** <0.0001 

    cat1 cat2 cat3 cat4 cat5 

Measure PSE Grade Estimate SEM sig. Estimate SEM sig. Estimate SEM sig. Estimate SEM sig. Estimate SEM sig. 

LDH activity at 45 minutes PSE 1310.61 35.93  1329.72 70.25  1356.41 36.66  1328.46 43.32  1336.59 40.74   

  Normal 1359.71 44.06  1340.60 18.19  1313.91 43.45  1341.85 39.30  1333.72 40.49   

LDH activity at 72 hours PSE 1184.44 32.26   1145.99 63.36   1128.62 33.08 *** 1180.29 38.20   1185.89 36.25   

  Normal 1172.43 39.22   1210.88 15.23   1228.25 38.21   1176.57 35.41   1170.98 36.39   

% LDH activity at 72 hours PSE 0.92 0.03  0.87 0.06  0.84 0.03 *** 0.90 0.04  0.89 0.03   

  Normal 0.87 0.04  0.92 0.01  0.95 0.04  0.88 0.03  0.89 0.03   

Myoglobin mg/g PSE 1.02 0.04   1.00 0.09   0.91 0.05 *** 1.01 0.05   0.99 0.05   

  Normal 0.97 0.05   1.00 0.02   1.08 0.05   0.98 0.05   1.00 0.05   

ICDH activity PSE 3.11 0.19  2.92 0.38  3.02 0.19  3.11 0.22  2.96 0.21   

  Normal 3.05 0.23  3.24 0.09  3.13 0.23  3.05 0.21  3.19 0.21   

soluble sarcoplasmic protein  PSE 43.45 1.43   41.98 2.82 *** 41.13 1.48   43.37 1.70   42.62 1.61   

  Normal 43.63 1.75   45.10 0.68   45.95 1.70   43.71 1.57   44.47 1.62   

 
 
 
 
 
 
 
 
 
 
 



  

 
 
 

 

3.2 Effect of post mortem metabolism rates on Meat quality 
 
 

3.2.1 Correlations 

 
The correlations between meat quality measures and pH/temp decline data and 
metabolites are given in tables 5 to 8.  
 
As expected colour correlated with oxidative markers, as myoglobin concentration 
and ICDH activity increases, meat became darker, increased in redness, chroma 
and hue angle (Table 5).  The lightness was negatively correlated with ultimate 
pH, and positively correlated with glycogen at slaughter. A lower solubility of 
sarcoplasmic protein resulted in lighter meat, possibly due to increased 
denaturing. Most pH and temperature decline measures were correlated with the 
b* value and Hue (most likely driven by the correlation with b*). However, the 
importance of a blue yellow measure in fresh meat is difficult to interpret since 
consumers generally see redness as an indicator of meat freshness.  
 
WBSF at day 0 was negatively correlated with fat depth, HSCW and temperature 
at 2,3 and 4 hours PM (Table 6). HSCW and fat depth are highly correlated with 
carcass temperature (Table 12) and is due to the heat inertia of larger carcasses; 
however, it seems that a hotter carcass during the first 4 hour PM resulted in a 
more tender product at 0 days of aging (Table 6). This correlation was not 
consistent in WBSF values for the 2 and 4 day aged samples. Carcass temperature 
was not correlated with the improvement in WBSF due to aging (Table 6). Lower 
WBSF values in 0 and 4 day aged samples were correlated to more LDH activity at 
72 hours only. Decreased protein solubility (Sarcoplasmic protein) was correlated 
with higher WBSF values at all age points (Table 6).  
 
Drip loss percentage was negatively correlated with pH decline data but not 
ultimate pH (Table 7). A faster PM metabolism seemed to result in greater drip 
loss percentage, but this was not correlated with temperature PM. The greater the 
glycolytic activity (LDH activity) the less drip loss was recorded. Purge and cook 
loss were generally negatively correlated with temperature PM, with hotter 
carcasses having less moisture loss. The pH decline only impacted on purge in 0 
day aged samples and in this scenario a (slow metabolism resulted in less purge) 
but there was no correlation between pH decline and any other time points for 
purge or cook loss. Predictably, ultimate pH was negatively correlated with purge 
and cook loss at all time points, thus with a lower pHu greater purge and cooking 
loss was observed (0-day cook loss was not significant). Greater glycogen at 
slaughter was correlated with greater moisture loss during cooking and purge 
(Table 7), most likely due to the correlation of glycogen and ultimate pH (Table 
11). Moisture loss through purge and cook loss was correlated with sarcoplasmic 
protein solubility with a decrease in solubility resulting in greater moisture loss 
(Table 7). This was also observed in LDH activity at 72h and those samples with 
greater activity at 72h, or a greater percentage of activity had less moisture loss. 
Increased moisture loss seems to be associated with increased denaturation of 
proteins as seen by sarcoplasmic protein solubility and inactivation of LDH 
activity. Furthermore, protein solubility was correlated with LDH activity and thus 
a decrease in solubility was associated with a decrease in LDH activity also (Table 



  

 
 
 

6). Carcasses with more MB were correlated to less moisture loss through cooking 
and purge (Table 7). Fatter carcasses were correlated to have less purge loss, 
while both increased fatness and carcasses weights were correlated to less 
cooking loss (Table 7), possibly a representation of hotter carcass temperatures.  
 
24h drip loss was positively correlated with the WBSF values at all aging time 
points (Table 8), thus greater drip loss resulted in more force required to shear. 
There was no correlation with purge loss on the respective WBSF values nor the 
change in WBSF from 0 days to 2 and 4 days. Cook loss percentage was positively 
correlated with the respective aging treatment WBSF values and hence greater 
cook loss results in less tenderness. The cook loss in the 0 days aged product was 
positively correlated with the change in WBSF from 0 to 2 days and 0 to 4 days 
aging, But the cook loss at day 2 or day 4 did not impact on the change (Table 8).  
 
Soluble sarcoplasmic protein was positively correlated with carcass size and 
fatness, while also carcass temperatures at 2,3 and 4 hours PM (Table 6). Although 
not correlated with pH decline data, sarcoplasmic protein was negatively 
correlated with lactate concentration at all time points. From these correlations it 
seems that cooler carcass temperatures resulted in more protein denaturation 
while a faster and greater production of lactate (and lower pHu) resulted in 
decreased protein solubility.    
 
 
3.2.2 Impact of ultimate pH on meat quality 
 
The impact that ultimate pH has on eating quality is well known and the current 
data set supports previous findings. A table of the statistical output of the impact 
of ultimate pH on selected meat quality parameters is in table 9.  
A lower pH pork loin had a higher hue (Figure 1: P<0.05) and is thus less red while 
also being lighter in colour, as seen by a higher L* value (Figure 2: P<0.05). A low 
ultimate pH resulted in greater moisture loss as measured by purge, cook loss and 
total moisture loss (Figure 3; P<0.05), but did not affect drip loss percentage. 
Purge loss was least in samples that were not aged, while aging resulted in greater 
cook loss compared to the non-aged products (Figure 3; P<0.05). However, the 
total moisture loss (combined loss from purge and cooking) was no different 
between aging treatments (Figure 3c). Although not significantly correlated (Table 
6), when analyzed as a covariate and adjusted for by kill day, ultimate pH had a 
positive impact on WBSF (Figure 4; P<0.05). A Lower loin pHu generally had a 
lower WBSF value as shown across all aging periods. Aging also improved the WBSF 
values (P<0.05), however, the rate of pH decline had the greatest impact on WBSF 
values and aging and will be discussed in more detail below. A low ultimate pH 
resulted in less soluble sarcoplasmic protein (Figure 5) and thus is an indication of 
greater protein denaturation. A lower ultimate pH was also correlated with a 
decrease in LDH activity at 72 hours postmortem, possibly an indication of 
denaturation of protein (Table 6).  
The relationship of ultimate pH and meat quality aspects were also supported by 
lactate concentration at 72 hours, and thus ultimate pH is a good indicator of 
lactate concentration (the lactate data was not presented in this report, due to 
the extent of data collected).  
 
 
  



  

 
 
 

 
 
Table 5: The correlations matrix between colour parameters and metabolic measurements of rates, temperature and metabolites post-mortem. Statistical 
significant correlations are designated by asterix; * <0.05; **<0.01; *** <0.0001 

  
L* a* b* Chroma Hue 

Fat Depth  0.06 -0.02 0.17* 0.07 0.21** 
HSCW  0.07 0.14* 0.14 0.17* 0.04 
Temperature @ 18 minutes -0.09 0.08 -0.06 0.03 -0.11 
Temperature @ 45 minutes -0.06 0.01 -0.24*** -0.1 -0.25*** 
Temperature @ 2 hours 0.12 -0.09 0.24*** 0.06 0.32*** 
Temperature @ 3 hours 0.11 -0.02 0.33** 0.14 0.37*** 
Temperature @ 4 hours 0.09 -0.03 0.34*** 0.14* 0.38*** 
pH @ 45 minutes  -0.08 -0.07 -0.16* -0.12 -0.1 
pH @ 2 hours  -0.01 -0.07 -0.13 -0.11 -0.09 
pH @ 3 hours  -0.04 -0.01 -0.18** -0.09 -0.18* 
pH @ 4 hours  -0.09 -0.04 -0.24*** -0.14 -0.22** 
ultimate pH -0.27*** -0.16* -0.23*** -0.22** -0.1 
Time to pH 6 0.1 -0.01 -0.11 -0.06 -0.1 
Glycogen at slaughter  0.21** 0.12 0.14* 0.16* 0.03 
Lactate @ 18 minutes 0.02 0.12 -0.03 0.06 -0.13 
Lactate @ 4 hours -0.01 0.07 0.01 0.06 -0.05 
Lactate @ ultimate 0.17* 0.18* 0.13 0.18* -0.02 
Residual glucose @ ultimate 0.21** 0.07 0.29*** 0.19* 0.24*** 
LDH activity at 45 minutes 0.07 -0.14 -0.2** -0.2* -0.07 
LDH activity at 72 hours -0.14* -0.07 0.02 -0.04 0.09 
% LDH activity at 72 hours -0.19* 0.06 0.21** 0.14 0.16* 
Myoglobin  -0.22** 0.23** 0.31*** 0.32*** 0.18* 
ICDH activity -0.23** 0.29*** 0.21** 0.31*** 0.02 
Sarcoplasmic protein  -0.2** -0.11 0.05 -0.05 0.16* 

 



  

 
 
 

 
Table 6: The correlations matrix between WBSF values and metabolic measurements of rates, temperature and metabolites post-mortem. Statistical significant 
correlations are designated by asterix; * <0.05; **<0.01; *** <0.0001 

  

WBSF day 0  WBSF day 2  WBSF day 4  ΔWBSF day 0 
to day 2  

ΔWBSF day 0 
to day 4  

Sarcoplasmic 
protein  

Fat Depth  -0.16* -0.09 -0.1 -0.07 -0.08 0.3*** 
HSCW  -0.19** -0.16* -0.07 -0.07 -0.13 0.21** 
Temperature @ 18 minutes 0.06 0.05 0.18* -0.04 -0.08 -0.04 
Temperature @ 45 minutes 0.06 0.05 0.04 0 -0.03 -0.05 
Temperature @ 2 hours -0.16* -0.13 -0.09 -0.07 -0.03 0.21** 
Temperature @ 3 hours -0.23** -0.19* -0.23** -0.09 0.04 0.34*** 
Temperature @ 4 hours -0.21** -0.15 -0.15* -0.09 -0.04 0.31*** 
pH @ 45 minutes  -0.11 -0.15 -0.13 0.02 0 0.21** 
pH @ 2 hours  -0.04 -0.16* -0.14 0.15 0.13 0.03 
pH @ 3 hours  -0.02 -0.17* -0.08 0.15* 0.07 -0.02 
pH @ 4 hours  0.06 -0.04 0.02 0.1 0.08 0 
ultimate pH 0.11 0.06 0.14 0.07 -0.05 0.34*** 
Time to pH 6 0.03 -0.14 -0.06 0.17* 0.12 -0.13 
Glycogen at slaughter  -0.1 0.08 -0.1 -0.18* 0 -0.32*** 
Lactate @ 18 minutes -0.08 0.08 0.09 -0.17* -0.17* -0.16* 
Lactate @ 4 hours 0.02 0.16* 0.13 -0.15 -0.11 -0.24** 
Lactate @ ultimate -0.12 0.02 -0.05 -0.17 -0.08 -0.31*** 
Residual glucose @ ultimate -0.17* -0.04 -0.22** -0.14 0.08 -0.05 
LDH activity at 45 minutes -0.12 -0.07 -0.02 -0.07 -0.13 -0.07 
LDH activity at 72 hours -0.17* -0.15 -0.17* -0.04 -0.01 0.37*** 
% LDH activity at 72 hours -0.09 -0.12 -0.18* 0.02 0.11 0.4*** 
Myoglobin  -0.09 -0.12 -0.12 0.04 0.07 0.37*** 
ICDH activity -0.04 -0.01 -0.02 -0.04 -0.03 0.11 
Sarcoplasmic protein  -0.23** -0.27** -0.25** -0.02 0.04   

 



  

 
 
 

 
Table 7: The correlations matrix between water-holding capacity measures and metabolic measurements of rates, temperature and metabolites post-mortem. 
Statistical significant correlations are designated by asterix; * <0.05; **<0.01; *** <0.0001 

  

24h drip 
loss  

Purge day 
0  

Purge day 
2  

Purge day 
4 

Cook loss 
day 0 

Cook loss 
day 2  

Cook loss 
day 4  

Fat Depth  0.07 -0.3*** -0.15* -0.21** -0.29*** -0.36*** -0.32*** 
HSCW  0.03 -0.11 -0.13 -0.05 -0.3*** -0.36*** -0.31*** 
Temperature @ 18 minutes 0.08 0.01 0.03 0.05 -0.22** -0.29*** -0.21** 
Temperature @ 45 minutes -0.06 -0.23** -0.13 -0.17* 0.18* 0.1 0.16 
Temperature @ 2 hours 0.16 -0.09 -0.12 -0.06 -0.32*** -0.31*** -0.31*** 
Temperature @ 3 hours 0.15* -0.24*** -0.23** -0.21** -0.3*** -0.28*** -0.31*** 
Temperature @ 4 hours 0.1 -0.2** -0.18* -0.21** -0.38*** -0.37*** -0.4*** 
pH @ 45 minutes  -0.15* 0 -0.03 -0.01 0.08 0.03 -0.02 
pH @ 2 hours  -0.18** 0.16* 0.01 0.06 0.08 0.08 0.05 
pH @ 3 hours  -0.2** 0.2** 0.01 0.11 0.12 0.09 0.12 
pH @ 4 hours  -0.18* 0.16* 0.02 0.08 0.16* 0.14* 0.17* 
ultimate pH -0.08 -0.29*** -0.26*** -0.27*** -0.13 -0.17* -0.16* 
Time to pH 6 -0.15* 0.22** 0.11 0.07 0.14 0.1 0.16* 
Glycogen at slaughter  0.07 0.17* 0.14* 0.28*** 0.24*** 0.28*** 0.25*** 
Lactate @ 18 minutes 0.08 0.01 0.06 0.11 -0.14 -0.11 -0.07 
Lactate @ 4 hours 0.12 -0.1 0.05 0.02 -0.04 -0.07 -0.04 
Lactate @ ultimate 0 0.29*** 0.21** 0.33*** 0.02 0.07 -0.02 
Residual glucose @ ultimate 0.1 0.03 0.07 0.16* 0.08 0.08 0.1 
LDH activity at 18 minutes -0.21** 0.02 -0.04 0.05 -0.12 -0.09 -0.15* 
LDH activity at 72 hours -0.08 -0.19* -0.18* -0.05 -0.34*** -0.3*** -0.37*** 
% LDH activity at 72 hours 0.1 -0.17* -0.12 -0.09 -0.24** -0.22** -0.23** 
Myoglobin  0.04 -0.15* -0.18* -0.17* -0.35*** -0.27*** -0.28*** 
ICDH activity 0.06 -0.06 -0.04 -0.01 0.01 0.06 0.03 
Sarcoplasmic protein  -0.1 -0.19** -0.19* -0.17* -0.35*** -0.37*** -0.35*** 

 



  

 
 
 

 
Table 8: The correlations matrix between water-holding capacity measurements and WBSF values. Statistical significant correlations are designated by asterix; * 
<0.05; **<0.01; *** <0.0001 

  

24h drip 
loss  

Purge day 0  Purge day 2  Purge day 4 Cook loss 
day 0 

Cook loss 
day 2  

Cook loss 
day 4  

WBSF day 0  0.21** -0.11 -0.04 -0.09 0.39*** 0.36*** 0.4*** 

WBSF day 2  0.27*** -0.12 -0.03 -0.11 0.32*** 0.4*** 0.4*** 

WBSF day 4  0.17* -0.04 0.04 0.03 0.2** 0.23** 0.34*** 

ΔWBSF day 0 to day 2  -0.02 0 -0.03 0.01 0.15* 0.01 0.05 

ΔWBSF day 0 to day 4  0.11 -0.08 -0.09 -0.13 0.2** 0.12 0.03 
 
 
 
Table 9: The F-values for the effects of kill day and ultimate pH on selected meat quality parameters. The effect of aging is also presented for the measurements 
tested over different aging periods. NDF, numerator degrees of freedom; DDF, denominator degrees of freedom 

  Kill Ultimate pH Age 

Term NDF;DDF F value P value NDF;DDF F value P value NDF;DDF F value P value 

Cook Loss 5;574 94.53 <.0001 1;574 31.07 <.0001 1;574 8.25 0.0003 

Purge 5;575 54.77 <.0001 1;575 9.06 0.0027 1;575 7.5 0.0006 

Total Moisture loss 5;575 35.22 <.0001 1;575 39.29 <.0001 1;575 1.17 0.3104 

WBSF 5;533 16.39 <.0001 1;533 7.45 0.0065 1;533 8.78 0.0002 

Hue angle 5;163 34.48 <.0001 1;163 9.83 0.002    

L* Value 5;163 3.73 0.0032 1;163 23.65 <.0001    

Protein solubility 5;153 12.62 <.0001 1;153 7.02 0.0089       



  

 
 
 

 
 
 
 
 
 

 
Figure 1: the impact of Ultimate pH on the hue colour angle  sem 

 
 
 
 

 
Figure 2: The impact of Ultimate pH on the L* value  sem 
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Figure 3: The impact of Ultimate pH on a) Purge loss, b) cooking loss, and c) total moisture loss 

during storage and cooking over 0, 2 and 4 days aging in a vacuum bag.  sem 
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Figure 4: The impact of Ultimate pH on WBSF values after 0, 2 and 4 days aging  sem 

 
Figure 5: The impact of Ultimate pH on sarcoplasmic protein solubility. The less solubility the 

greater the denaturation of proteins  sem 

 
 
 
 

3.2.3 Impact of post mortem metabolism rates on meat quality 

 
 
The rate of pH decline had the greatest impact on the development of tenderness. 
This was shown by the impact of pH at 2 and 3 hours postmortem on the WBSF 
values, with a higher pH at 2 and 3 hours PM resulting in lower WBSF values after 2 
and 4 days aging compared to 0 days aging (Figure 6; 3 hours shown only). This is 
also supported by the time to pH 6 data (Figure 7). WBSF values will be improved 
when the early PM metabolism rates are slower, but this effect was only observed 
in the aged samples. The WBSF values of the 0 day aged samples were not 
affected by pH decline and could be considered as a basal tenderness level. Thus 
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the benefit of aging was only observed in the samples with a slower early PM rate. 
The change in WBSF from day 0 to day 2 and day 4 was greatest in carcasses with 
slower early rates of metabolism (Figure 8), and no benefit of aging was observed 
in those with a hastened early PM rates. On average, WBSF values changed with 
aging about 5.5N across the range of time to pH 6. Similar trends on the impact of 
aging and WBSF were also observed for the accumulation of lactate at 18 minutes 
post mortem (Figure 9 and 10), with greater lactate at 18 minutes resulting is less 
impact of aging.   
 
Temperature at 18 minutes PM is highly correlated with the time to pH 6 and 
other pH decline data (Table 11) and thus the measure of early muscle 
temperature also impacted on WBSF values and the benefit of aging (Figure 11). 
Greater temperature at 18 minutes resulting higher WBSF values. At low 
temperatures and aging for 4 days had the greatest improvement in WBSF values. 
This seems in line with a traditional case of PSE characteristics in which a 
combination of high muscle temperatures and low pH would result in denaturation 
of proteins. In this scenario the ability for the protease enzymes to improve 
tenders seem to be knocked out. However, we also observed that the temperature 
at 18 minutes nor time to pH 6 influenced the rate of protein denaturation as 
shown in the sarcoplasmic fraction. It seems that a lower pH in this instance had a 
greater effect on protein solubility and enzyme activity (as seen by LDH activity). 
However when protein solubility decreased (greater denaturation), WBSF values 
were higher (Figure 12). When the protein solubility was higher and thus less 
denaturation, a greater effect of aging was observed (Figure 12).  
 
 
 

 
Figure 6: The impact of the pH after 3 hours post-slaughter on the WBSF values after 0, 2 and 4 

days aging  sem 
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Figure 7: The impact of the time to pH 6 on WBSF values after 0, 2 and 4 days aging  sem 
 
 

 
Figure 8: The impact of the time to reach pH6 on the change of WBSF values after aging for 2 

and 4 day. The WBSF difference is the difference in N after aging compared to 0 days aging  
sem. Less difference means less improvement due to aging.  
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Figure 9: The impact of lactate accumulation in the LT after 18 minutes post-slaughter on the 

WBSF values after 0, 2 and 4 days aging  sem.  
 
 

 
Figure 10: The impact of lactate production in the LT after 18 minutes post-slaughter on the 
change of WBSF values after aging for 2 and 4 day. The WBSF difference is the difference in N 

after aging compared to 0 days aging  sem. Less difference means less improvement due to 
aging.  
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Figure 11: The impact of the temperature at 18 minutes post-slaughter on WBSF values after 0, 

2 and 4 days aging  sem 
 

 
 
Figure 12: The impact of sarcoplasmic protein solubility on the WBSF values after 0, 2 and 4 

days aging  sem 

 
 

3.2.4 Categorizing the impact of PM metabolism on meat quality 

 
It is not currently clear whether early PM temperature and metabolism are acting 
independently, nor is it clear how to correctly present a meat quality outcome. 
Thus the data was sorted into categories based on rates of early PM metabolism 
and temperature as well as the ultimate pH. How these categories are distributed 
by temperature at 18 minutes and time to pH 6 can be observed in Figure 24 in 
the appendix. 
The distribution of ultimate pH within these categories can be observed in the 
Appendix Figures 25- 28. In all data, there were 53 carcasses with a high, 71 with 
a medium, and 46 with a low ultimate pH (Figure 25). The distribution within the 
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temperature at 18 minutes groups was relatively consistent between groups 
(Figure 26), with the cold group making up 52.3% and the hot group making up 
47.7% of all data. The mean of ultimate pH was not statistically different (P = 
0.0588), but the cold group trended to have a lower ultimate pH.  
The distribution between the early PM metabolism group (Time to pH6) was 
relatively consistent between groups (Figure 27). The distribution of ultimate pH 
was also consistent and the means of ultimate pH did not differ between 
categories.  
Within the temperature and the early pH decline categories (Figure 28), The SH 
group contained the least data (N=23). The mean ultimate pH data was similar 
across all groups.  
 
The pH decline data for each group is shown in Figure 13. The groups are clearly 
clustered by the time to pH 6. Within the same time to pH6 grouping, carcasses 
with a cooler temperature at 18 minutes generally had a higher starting pH value. 
Very little difference was observed between the temperature groups in the 
medium rate category. The biggest effect of the pH decline were the intercept 
values of the fast categories and were about 0.4 pH units lower than the other 
categories. However, there was no difference in Ultimate pH values and thus the 
declines were independent to the ultimate pH values.   
 
 
 

 
Figure 13: The pH decline from 45 minutes to 4 hours post-slaughter for different early 
metabolism class categories. FC, fast/cold; FH, Fast/Hot; MC, Medium/cold; MH, medium/hot; SC, 

Slow/cold; SH, Slow/hot.   sem 

 
 

3.2.4.1 Categories impact on Meat quality 
 
The descriptive statistics of the Temperature/pH category and the distribution of 
carcass and meat quality attributes can be observed in appendix (Table 18).  
 
Water holding capacity 
Both temperature early PM and the early rate of metabolism had no impact on 
purge loss and cook loss, and instead the water holding capacity was primarily 
effected by aging and ultimate pH as mentioned previously. The additive effect of 
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purge and cook loss seemed to nullify the aging effect, while a low ultimate pH 
resulted in increased moisture loss. Data not shown. 
 
 
Aging and tenderness development 
The WBSF values from all categories improved with aging (P<0.05), except for FH, 
which consistently had the highest WBSF value across all aging periods (Table 10).  
In all categories except FH, the change in WBSF over 2 days of aging improved 
between 1.82 to 4.55 N (4 to 12%) and 2.93 to 6.99N (8 to 19%) over 4 days of 
aging (Table 10). While the FH group recorded -0.7 and -0.11 N in change. The 
negative impact of time to pH6 on the change in WBSF from aging seems to me 
mostly isolated to those carcasses with a combination of fast early PM metabolism 
and high muscle temperatures shortly after slaughter. These conditions would be 
typically presented by protein denaturation. The FH group did have the least 
soluble protein from the sarcoplasmic fraction, suggesting greater protein 
denaturation (Table 10).  
 
 
 
 
 
 



  

 
 
 

 
 
 
 
 
 
Table 10: The Least square means for the early pH decline/Temperature categories on protein solubility and WBSF values  sem. Difference between categories 
are represented as superscript letters.  

 

  FC FH MC MH SC SH 

Measure Mean SE  Mean SE  Mean SE  Mean SE  Mean SE  Mean SE  
Sarco protein solubility  43.29 1.10 ab 41.21 1.12 a 43.13 1.10 ab 45.31 1.07 b 43.64 1.16 ab 44.39 1.23 ab 

WBSF day 0 41.13 1.78 a 39.26 1.69 ac 34.79 1.64 b 34.57 1.62 bc 37.26 1.88 ab 36.99 1.85 ab 

WBSF day 2 36.51 1.71 ab 39.00 1.73 a 35.14 1.77 ab 32.25 1.65 b 33.52 1.93 b 33.61 1.93 b 

WBSF day 4 33.16 1.78 ab 37.72 1.73 a 33.23 1.67 ab 30.88 1.65 b 30.16 1.78 b 34.45 1.97 ab 

Δ WBSF 0-2 1.82 1.54 ab -0.70 1.52 a 1.84 1.47 ab 4.10 1.38 b 4.55 1.68 b 3.32 1.61 ab 

Δ WBSF 0-4 4.12 1.60 a -0.11 1.49 b 2.93 1.34 ab 5.27 1.37 a 6.99 1.63 a 3.51 1.56 ab 

FC= Fast early metabolism and cold Carcass at 18 minutes;  
FH = Fast early metabolism and Hot Carcass at 18 minutes;  
MC= Medium metabolism rate and cold carcass at 18 minutes;  
MH = Medium metabolism rate and hot carcass at 18 minutes;  
SC = Slow metabolism rate and cold carcass at 18 minutes;  
SH = Slow metabolism rate and Hot carcass at 18 minutes. 

 
 
 
 
 



  

 
 
 

 

3.3 Potential control points of Post mortem metabolism rates 
 
The correlations between carcass and metabolic measurements for temperature 
and pH declines are in Tables 11 and 12.  
 

3.3.1 Fat depth and Hot standard Carcass weight 

 
As expected, fat depth was negatively correlated with the rate of pH decline, but 
positively correlated with carcass temperature. Fatter carcasses were observed to 
have a faster pH decline and a hotter carcass temperature. Ultimate pH was 
positively correlated to fat depth and thus leaner carcasses had a lower pHu value 
and thus greater lactate produced.  Fat depth was correlated with glycogen at 
slaughter, but once adjusted for the kill day variation the relationship was weaker 
(P<0.05; Figures 14). Across the range of fat, glycogen stores only decreased by 
0.08 g/100g (Figure 14). HSCW was not correlated with pH decline rates, but was 
highly correlated to carcasses temperature from 2 hours onward, a demonstration 
of heat inertia and larger body size taking longer to chill. Temperature at 18 
minutes was positively correlated to HSCW, however it was a relatively weak 
correlation. When analyzed in a general linear model and adjusted for kill day, 
there was no relationship between HSCW and Temperature at 18 minutes. In 
contrast, the relationship between HSCW and carcass temperature at 45 minutes, 
2, 3 and 4 hours was highly significant (P<0.001). Thus, it seems the effect of 
HSCW on carcass temperature is only apparent once chilling is applied. 
 

 
Figure 14: The relationship between Fat Depth and muscle glycogen at slaughter  sem 

 
 

3.3.2 Temperature/pH decline 

 
The relationship between carcass temperature and the rate of pH decline is 
somewhat inconsistent, with the correlations alternating from positive to negative 
(Table 11). However the correlations between temperatures at 3 and 4 hours 
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seemed to be highly negatively correlated with the respective pH values and thus 
at these time points hotter temperatures resulted in lower pH values. Generally, 
hotter carcasses were correlated with a shorter time to pH6 and a higher ultimate 
pH. Higher carcass temperatures at 18 minutes were correlated with greater rate 
of PM metabolism and lactate production at 18 and 4 hours PM. However, there 
was no impact on lactate production at ultimate. 
 
Greater glycogen concentration at slaughter was correlated with lower carcass 
temperatures, but was not correlated to rates of pH decline or lactate production 
at 18minutes (Table 11). Elevated temperature shortly after slaughter resulted in 
an accelerated early post mortem metabolism, while carcasses with a slower early 
PM metabolism, had a higher pHu when temperature at 18 minutes was low 
(P<0.05; Figure 15). Total glycogen at slaughter did  not effect the rate of 
metabolism but rather the extent of the decline of pH (Table 11). However, when 
glycogen levels are low at slaughter then the carcass is more likely to have a 
higher temperature at 18 minutes PM (Figure 16). This was observed in the fast 
and medium time to pH6 groups (P<0.05), while the slope of the slow category 
was not significant impacted by glycogen (Figure 16). It is possible that these 
animals had begun to utilize glycogen stores prior to slaughter and hence 
increasing body temperatures and metabolism rates, thus resulting in a decrease 
in glycogen stores at slaughter. The impact of glycogen stores on carcass 
temperature and accelerated early PM metabolism are associated within the 
ranges set for the fast and medium groups. Thus temperatures above 40.5 oC 
would likely lead to an increased early post mortem metabolism rate, but does not 
impact on the pHu value. 
 

 
Figure 15: The relationship between the rate of early post-mortem metabolism, ultimate pH and 

temperature at 18 minutes   sem The dots are the residuals from the response surface. 
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Figure 16: The relationship between the rate of early post-mortem metabolism, Muscle glycogen 

and temperature at 18 minutes   sem The dots are the residuals from the response surface. 

 
 

 
Figure 17: The relationship between the rate of early post-mortem metabolism, residual 

glycogen and temperature at 18 minutes   sem The dots are the residuals from the response 
surface. 
 
Residual glycogen varied in the fast and medium rate groups but was not impacted 
by temperature at 18 minutes. Greater residual glycogen was observed in the slow 
group when temperatures were colder, while at a higher temperature less residual 
glycogen was observed (Figure 17). Because of the low level of residual glycogen, 
this relationship is also explained in the slow group by Figure 15, where hotter 
temperatures resulted in a higher pHu, and thus likely less residual glycogen. The 
impact on the faster metabolism rates was not apparent, suggesting that at a 
slower rate the temperature had a greater impact on the extent of PM. 
Furthermore, because of the lack of impact of glycogen concentration had on the 
temperature of the slow category carcasses, temperature at 18 minutes may be 
the best indicator of metabolism rate.  
 
When glycogen concentrations at slaughter were high the residual glycogen was 
also higher (P<0.001; Figure 18), while greater glycogen resulted in more lactate 
production (P<0.001; Figure 19). Greater lactate production was also associated 

39

39.5

40

40.5

41

41.5

42

0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

Te
m

p
er

at
u

re
 @

 1
8

 m
in

u
te

s

Muscle glycogen g/100g

Fast Medium Slow

39

39.5

40

40.5

41

41.5

42

0 0.1 0.2 0.3 0.4 0.5

Te
m

p
er

at
u

re
 a

t 
1

8
 m

in
u

te
s

Residual Glycogen

Fast

Medium

Slow



  

 
 
 

with greater residual glycogen (P<0.001; Figure 20) and thus a higher ultimate pH 
(Figure 21).  
 
 

 
Figure 18: The relationship between glycogen at slaughter and residual glycogen at 72hours 

post-mortem  sem The dots are raw data. 

 
 

 
Figure 19: The relationship between glycogen at slaughter and lactate production at 72 hours 

post-mortem  sem. The dots are raw data 
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Figure 20: The relationship between lactate production and residual glycogen at 72 hours post-

mortem  sem. The dots are raw data 

 

 
Figure 21: The relationship between ultimate pH and lactate production at 72 hours  sem The 
dots are raw data 

 
 

3.3.3 Ultimate pH and metabolism rates 

 
The greatest impact on ultimate pH was the available substrate in the form of 
glycogen at slaughter (P<0.001; Figure 22).  Across the range of glycogen 
concentration, the pHu would change by 0.2 units. In general, a leaner animal 
would have a lower ultimate pH (P<0.05), but no measures of temperature or 
rates of decline influenced the ultimate pH.  
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Figure 22: The relationship between glycogen at slaughter and the Ultimate pH  sem The dots 
are raw data 

 
 
 

3.3.4 Oxidative/glycolytic potential 

 
The LDH activity at 45 minutes was not correlated with any metabolic rates or 
temperatures PM. The LDH activity ranged from 934.7 umol/min/g to 1788.4 
umol/min/g with a mean of 1359.43umol/min/g (Table 13-appendix). After 72 
hours this activity had decreased on average to only about 88% of total activity. 
The activity at 72hours was positively correlated with fat depth, HSCW, ultimate 
pH, temperature at 2, 3 and 4 hours (Table 11 and 12). The activity at 72 hours 
was negatively correlated with time to pH6, and thus activity was preserved in 
carcasses with a fast early PM metabolism and hotter temperatures, but activity 
decreased when ultimate pH was low. However, LDH activity as an indicator of 
glycolytic potential did not drive the PM metabolism rate and thus had little effect 
on meat quality.  
 
ICDH activity ranged from 1.34 to 5.88 umol/min/g with a mean of 3.14 
umol/min/g (Table 13-Appendix). ICDH activity was only weakly correlated with 
fat depth and did not impact on meat quality development or PM metabolism 
rates (Tables 11 and 12). The myoglobin concentration ranged from 0.37 to 1.64 
mg/g with a mean of 0.94 mg/g. Myoglobin was highly correlated with Fat depth 
and thus carcass temperatures at 2,3 and 4 hours PM, but not at the earlier time 
points (Table 12). However, most of this variation was explained by the kill date 
and thus MB did not significantly influence fat depth once adjusted for kill day. 
Myoglobin concentration was positively correlated with ultimate pH and negatively 
with glycogen at slaughter, thus suggesting that Myoglobin as an indicator of 
oxidative potential could explain differences in glycogen stores at slaughter. 
However, most of this variation was explained by kill day and therefore this effect 
was relatively weak (Figure 23). None-the-less, animals that are less oxidative are 
likely to have greater glycogen stores at slaughter, but this effect was only worth 
0.06 g/100g across the range of MB.  
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Figure 23: The relationship between myoglobin concentration and glycogen at slaughter  sem 
The dots are raw data 
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Table 11: The correlations matrix between metabolism rate parameters, carcass measures, temperature and glycolytic/oxidative markers. Statistical significant 
correlations are represented by asterix; * <0.05; **<0.01; *** <0.0001 

  

pH @ 45 
minutes  

pH @ 2 
hours  

pH @ 3 
hours  

pH @ 4 
hours  

ultimate 
pH 

Time to 
pH 6 

Glycogen 
at 

slaughter  

Lactate 
@ 18 

minutes 

Lactate 
@ 4 

hours 

Lactate 
@ 

ultimate 

Residual 
glucose @ 
ultimate 

Fat Depth  -0.06 -0.18** -0.21** -0.26*** 0.26*** -0.23** -0.28*** -0.03 0.02 -0.25*** 0 

HSCW  0.14* 0.05 -0.08 -0.11 0.16* -0.04 -0.07 -0.01 -0.04 0 0.08 

Temperature @ 18 minutes -0.37*** -0.46*** -0.37*** -0.37*** 0.12 -0.42*** -0.26*** 0.23*** 0.26*** -0.05 -0.12 

Temperature @ 45 minutes 0.38*** 0.24*** 0.13* 0.1 0.17* 0.15 -0.15* -0.16* -0.16* -0.04 -0.16* 

Temperature @ 2 hours 0.11 -0.01 -0.22*** -0.2** 0.06 -0.07 -0.17** -0.09 0.04 -0.03 0.04 

Temperature @ 3 hours -0.04 -0.18** -0.33*** -0.35*** 0.14* -0.24** -0.14* 0.02 0.05 -0.13 0.17* 

Temperature @ 4 hours -0.1 -0.21** -0.36*** -0.39*** 0.2** -0.29*** -0.16* 0.09 0.11 -0.09 0.18* 

LDH activity at 45 minutes -0.02 0 0.02 -0.02 -0.11 -0.03 -0.03 -0.01 0.07 0.14 -0.15 

LDH activity at 72 hours -0.06 -0.11 -0.12 -0.16* 0.24*** -0.23** -0.27*** 0.05 0.04 -0.07 -0.06 

% LDH activity at 72 hours -0.05 -0.11 -0.16* -0.17* 0.27*** -0.17* -0.22** 0.02 0 -0.19* 0.07 

Myoglobin  0.04 -0.06 -0.13 -0.16* 0.26*** -0.16* -0.25*** -0.03 -0.08 -0.28*** -0.05 

ICDH activity 0.03 0.04 0.03 0.04 -0.02 -0.04 0.13 -0.01 -0.13 0.01 0.06 

Sarcoplasmic protein  0.21** 0.03 -0.02 0 0.34*** -0.13 -0.32*** -0.16* -0.24** -0.31*** -0.05 

pH @ 45 minutes   0.8*** 0.66*** 0.61*** 0.12 0.73*** 0.05 -0.56*** -0.57*** -0.03 -0.08 

pH @ 2 hours    0.81*** 0.78*** -0.03 0.85*** 0.1 -0.55*** -0.65*** 0.09 -0.05 

pH @ 3 hours     0.83*** 0.01 0.87*** 0.05 -0.48*** -0.66*** 0 -0.13 

pH @ 4 hours      -0.03 0.88*** 0.06 -0.54*** -0.64*** 0.04 -0.1 

ultimate pH      -0.12 -0.6*** 0.01 -0.11 -0.56*** -0.42*** 

Time to pH 6       0.08 -0.55*** -0.67*** 0.07 -0.06 

Glycogen at slaughter         0.11 0.14* 0.68*** 0.76*** 

Lactate @ 18 minutes         0.53*** 0.13 0.03 

Lactate @ 4 hours          0.15* 0.1 

Lactate @ ultimate                     0.51*** 

 
 
 
 



  

 
 
 

 
 
 
Table 12: The correlations matrix between temperature post-mortem, carcass measures and glycolytic/oxidative markers. Statistical significant correlations are 
represented by asterix; * <0.05; **<0.01; *** <0.0001 

  

Fat Depth  HSCW  Temperature 
@ 18 minutes 

Temperature 
@ 45 minutes 

Temperature 
@ 2 hours 

Temperature 
@ 3 hours 

Temperature 
@ 4 hours 

LDH activity at 45 minutes 0.17* 0.12 0.1 0.09 0.17* 0.07 0.08 

LDH activity at 72 hours 0.36*** 0.25*** 0.08 -0.02 0.27*** 0.33*** 0.39*** 

% LDH activity at 72 hours 0.2** 0.17* -0.01 -0.11 0.17* 0.31*** 0.34*** 

Myoglobin mg/g 0.27*** 0.2** 0.03 -0.08 0.32*** 0.4*** 0.39*** 

ICDH activity -0.14* 0 -0.07 -0.08 -0.09 0.03 0.01 

Sarcoplasmic protein  0.3*** 0.21** -0.04 -0.05 0.21** 0.34*** 0.31*** 

Fat Depth (mm)  0.49*** 0.14* 0.05 0.42*** 0.54*** 0.57*** 

HSCW (kg)   0.14* 0.29*** 0.54*** 0.58*** 0.6*** 

Temperature @ 18 minutes    0 0.06 0.03 0.13* 

Temperature @ 45 minutes     0.22** 0.12 0.06 

Temperature @ 2 hours      0.72*** 0.68*** 

Temperature @ 3 hours             0.87*** 
 
 
 



  

 
 
 

 

4. Application of Research  
 
 

4. Application of Research  
 
The quality of Australian pork is highly variable and there is currently no system in 
place to distinguish between carcasses of high or low quality. Furthermore, what 
is causing the variable eating quality is not yet understood. Two areas of quality of 
Australian pork have been highlighted, low pH pork and a lack of tenderness 
development through aging. It is known that consumers prefer higher pH pork and 
a more tender product (Jose et al., 2013), but it is not currently understood what 
is causing the variation of these parameters. Thus, this project intended to 
understand the impact that post mortem metabolism rates had on the 
development of meat quality in entire male pigs from an Australian pig herd. The 
project also aimed to understand the variation in meat quality in this herd and 
how this could be managed along the supply chain and to test the following 
hypothesis 
 

1. Low ultimate pH is a result of increased glycolytic and decreased oxidative 
potential the loin of entire male pigs.  

2. Fast post-mortem (PM) metabolism rates, as measured by the production of 
lactate and pH decline, will result in pork that does not benefit from aging.   

 
 
The major findings in this study were that glycogen concentration at slaughter will 
likely determine the extent of pH decline, while the lack of aging benefit is 
caused by fast early PM metabolism rates, which is correlated to the carcass 
temperature shortly after slaughter. This discussion will focus on ways to manage 
these control points while also discussing the occurrence of certain quality grades 
with in the sampled data set. This will suggest a means of grading carcasses to 
identify those that have low ultimate pH and those that are likely to have a lack 
of aging.  
 
 
 

4.1 Critical control points to improve pork quality 
 

4.1.1 Ultimate pH 

 
Low ultimate pH is an important issue in the Australian pork industry, which has a 
significant impact on a number of quality attributes. These have been previously 
identified by a number of studies (Fischer, 2007; Huff Lonergan et al., 2010; 
Lonergan et al., 2007; Offer, 1991; Rees et al., 2003a; Rees, Trout & Warner, 
2003b; Rosenvold, Katja & Andersen, 2003; Scheffler et al., 2007) and are also 
supported by the current findings. Low ultimate pH, is generally not preferred by 
consumers (Bryhni et al., 2003; Jose et al., 2013), possibly because of the impact 



  

 
 
 

that pH has on tenderness and water holding capacity. Ultimate pH will also effect 
the surface colour of fresh pork, with a low pH resulting in a lighter, less red 
colour. When the ultimate pH proceeds excessively (5.5-5.3) but at a normal rate, 
the meat is considered to be “acid meat”. This type of defect is rarely discussed 
and has also been labeled as a “Hampshire type” effect (Fisher, 2007). 
Considering this label, and that the RN- gene was associated with higher glycolytic 
potential, since its removal any Hampshire like effects have been assumed to be 
removed from the herd. None-the-less, it is very apparent that in the current herd 
68.18% of carcasses had a pHu below 5.5 and 32.8% below 5.4 and could  be 
considered to have acid meat, due to the extensive pH decline.  
 
Extended pH decline also resulted in less soluble sarcoplasmic protein fraction. 
This was in line with reports from Joo, Kauffman, Kim and Park (1999), who found 
lower pHu decreased solubility in sarco protein. Although this was not entirely 
affected by the hastened pH decline, but rather the extent and greater acidic 
conditions found in “acid meat”. Furthermore, in the current study, the activity of 
LDH had a greater decrease in activity when the pHu was lower, indicating 
possible denaturation at these lower pH values.  
 
The low pH observed in the current study most likely had the greatest impact on 
water holding capacity. Although no effect in drip loss was observed, lower pH 
resulted in greater purge and cooking loss and hence a greater percentage of total 
moisture lost. This relationship was also confirmed by other studies (Bertram, 
Petersen & Andersen, 2000; Gariépy, Godbout, Fernandez, Talmant & Houde, 
1999; Josell, von Seth & Tornberg, 2003; Lundström, Andersson & Hansson, 1996; 
Monin & Sellier, 1985), while some of these studies observed an impact on drip 
loss, others did not. The current measurement of “Purge” also included the 
freeze/thawing effect, however this still seemed to be in line with other 
literature that a lower pH would result in overall less production yield. Although 
purge loss and cook loss varied with extend of aging (up to 4 days), the overall loss 
was not effected by aging and it seems that the total moisture lost is only 
dependent on the pHu value.  
 
The biggest driver of ultimate pH in this study was the glycogen concentration at 
slaughter, partially agreeing with the current hypothesis that greater glycogen 
stores are an indicator of greater glycolytic potential. When the glycogen stores 
were high then it was most likely that the pH would be low. Glycogen 
concentrations of greater than 1.1% (g/100g) would likely result in a pHu of less 
than 5.5. To the contrary, Scheffler, Scheffler, Kasten, Sosnicki and Gerrard 
(2013) recently found that glycolytic potential did not predict the extent of 
ultimate pH, however, it was also recently found that glycogen would impact in 
glycolytic muscle types, while oxidative types did not often reach low pH 
regardless of glycogen concentration (England et al., 2016).  
 
Glycolytic indicators such as LDH activity had no impact on determining the 
ultimate pH in the LT muscle, thus the tested hypothesis was no accepted. This 
could be due to the highly glycolytic nature of this muscle in pork and thus to 
completely test the hypothesis a comparison must be made with oxidative muscle 
types. Previous literature have reported LDH activity in the loin of pigs to be 
around 970U/g (Reig, Aristoy & Toldrá, 2015), while in the current data had mean 
values of 1359 U/g, indicating that the current herd is highly glycolytic in nature.  
 



  

 
 
 

The oxidative potential of carcasses had very little impact on determining the 
extent of pH decline nor glycogen content, again disproving the hypothesis. 
However once again the muscles were likely the limiting factors and thus could 
not be correctly tested. None-the-less, this does reiterate the highly glycolytic 
nature of the LT in the modern Australian pig. ICDH activity and Myoglobin 
concentration in lambs is correlated to the content of type 2A and type 2X muscle 
fibres (Gardner et al., 2007), however, ICDH was not an indicator of oxidative 
potential in the LT muscle of pigs, while low myoglobin concentration was weakly 
correlated to high glycogen stores. Fat depth correlated with glycogen 
concentration and ultimate pH, all be it weakly. These weak correlations indicate 
that higher glycogen stores are  likely due to a further shift away from oxidative 
fibre types in the pig, which would be related to greater leanness and less 
myoglobin concentration (Karlsson, Klont & Fernandez, 1999; Ryu & Kim, 2005).  
 
The use of enzyme activity cannot predict the glycolytic or oxidative potential in 
the LT of modern pigs. This is likely due to the highly glycolytic nature of the LT 
muscle and the variation present cannot describe the impact on the extent of PM 
metabolism. The extent of the variation in more oxidative muscles is not known, 
and there may be a greater impact in these muscle types. England et al. (2016) 
showed that the extent of pH decline in vitro increased when a greater 
proportions of glycolytic sample was included with an oxidative muscle 
homogenate.  Because of the logistical limitations of this project, multiple muscle 
types could not be sampled. However, the current data set has highlighted areas 
of concern, one being whether the same effects occur in different muscle types 
within the same carcass, and this should be examined to further determine if 
glycolytic/oxidative potential in the modern Australian pig is the causative nature 
of acid meat. Furthermore, a greater collection of glycogen data is needed to test 
the impact over time and if this changes with genetics. Observing the redness of 
the muscles in a large data set over time to see if also changes with genetics 
should indicate if we are continuing to shift the carcasses along the glycolytic 
path. The collection of leanness data due to the impact on glycogen content 
would also be interesting and this would easily be collected through the 
incorporation of measurement techniques through the ALMtech project. These are 
all measurements that could possibly describe the shift in the animals metabolic 
potential, and it is thus important to carefully watch the change in the genetics 
over time and the impact these changes might have on eating quality.   
 
 
 
 

4.1.2 The rate of early post -mortem metabolism 

 
The rate of pH decline is known to impact on the quality of meat. Often a rapid 
pH decline is associated with high temperature at rigor attainment, which 
classically results in PSE like conditions. These conditions have been shown to 
impact on the development of tenderness in pigs (Channon, Payne & Warner, 
2000), cattle (Warner, Dunshea, Gutzke, Lau & Kearney, 2014) and lamb (Warner, 
Kerr, Kim & Geesink, 2014). The early rate of pH decline, as measured by pH at 2 
and 3 hours, time to pH6 and lactate at 18minutes, had the greatest impact on 
the change of WBSF over 2 and 4 days aging, thus proving our hypothesis. It could 
be true for the Australian industry that the lack of aging benefit could be due to 
the occurrence of PSE like conditions in the carcasses, conditions that are often 



  

 
 
 

overlooked since the removal of specific genotypes. When the rate of pH decline 
proceeds slowly then the benefit of aging will be observed (Figures 6-10), and 
since consumers consider tenderness and important component of eating quality 
(Jose et al., 2013), the overall satisfaction should improve.   
These effects were independent from temperature and it was not until the 
carcasses were classified in groups based on early PM metabolism rates and 
temperatures that the combined impact of temperature and pH became apparent 
(Table 10). Carcasses classified as Fast/Hot had a negligible change in WBSF over 2 
and 4 days aging, while also having the lowest levels of soluble protein, suggesting 
greater denaturation. It has been proposed by other authors that these conditions 
may exert an influence on the proteolytic enzymes in the muscle cells deeming 
the effect on aging void (Huff Lonergan et al., 2010; Melody, Lonergan, Rowe, 
Huiatt & et al., 2004; Rosenvold, K., Borup & Therkildsen, 2010). 
 
The effects on tenderness were independent to temperature shortening that is 
often observed in untypical pH declines. Whereas, the effects of temperature, 
other than at 18 minutes were all observed once carcasses had arrived in the 
chiller. Mean Carcass temperatures  at 2 to 4 hours ranged from 25.34 to 15.1oC 
when these temperatures were higher the WBSF values would be lower in the 
unaged product only. It has been previously found that if rigor is attained between 
15-20oC then the product will have greater tenderness (Huff Lonergan et al., 
2010). However, it is unlikely that rigor was attained by 4 hours PM, and 
furthermore, this effect was not observed in the aged product, thus it seemed 
that aging did nullify this temperature effect. However, when rigor is reached in 
the range of 0-10oC then cold shortening can occur, resulting in increased 
toughness through shorter sarcomere lengths (Huff Lonergan et al., 2010), 
however since the decline data did not go pass4 hours PM it cannot be concluded 
that these carcasses were chilled too fast. The fact that the impact of 
temperature only occurred in the unaged product does suggest that if there was 
cold shortening then aging nullified this effect.  
 
The rate of PM metabolism was not driven by any measure of glycolytic or 
oxidative potential and was not impacted by substrate concentrations. The most 
likely control point for the rate of early PM metabolism was the temperature at 18 
minutes PM. At higher temperatures the time to pH 6 was faster and thus faster 
rates of PM metabolism resulted in decreased aging benefit. It seems likely that 
elevated temperature at 18 minutes post slaughter and not at other time points is 
a result of increased metabolic rate pre-slaughter. It is known that stress and 
strain prior to slaughter can result in increased body temperature (Fischer, 2007), 
and if this is the case then temperature at slaughter could be an indicator of an 
accelerated PM metabolism. While other aspects such as the scalding bath and fat 
depth could impact highly on the carcass temperature, these effects are limited 
once kill day and fat depth are included in the statistical model. This seems 
logical since the effect of the halothane gene resulted in accelerated utilization of 
glycogen stores and enhanced acute stress, while the current results seem to 
present a similar scenario.  
 
This leaves the industry to answer a number of questions regarding the impact of 
pre-slaughter stress, if the stress is a phenotypic response, or just the variation in 
slaughter conditions. Since the plant that was sampled from has now included a 
back loader for the CO2 stunner, it would be of interest to compare the muscle 
temperatures of these pigs. If it was found that the variation in temperature 
shortly after slaughter in fact could be a control mechanism to then a non-invasive 



  

 
 
 

technique for measuring temperature should be incorporated. These could be by 
the use of thermal technology, such has a heat gun or thermal camera. However, 
this technology would need to be incorporated with the measurement of pH at a 
time point early PM and would likely prove to be time consuming and expensive. If 
the elevated temperature is just related to handling stress then this could also be 
easily controlled.  
 

4.2 Classification of pork quality in an Australian herd to 
decrease variation 
 
The use of historic definitions of PSE pork illustrated the issue in quality variation 
in the modern Australian pig herd. Other than the definition based purely on L* 
values (3% rate), the lowest identified rate of PSE in the sampled carcasses was 
28.28 %, based on a pH at 3 hours threshold (Category 4). The other category that 
describes the rate of pH decline contained almost 40% of all carcasses (Category 
5). Carcasses classified as PSE from category 5 were mostly no different to the 
normal classified carcasses. On the other hand, PSE carcasses from category 4 did 
not improve in WBSF after 2 days of aging, and seemed to have less purge loss and 
were slightly lighter. These differences may not be enough to accurately 
determine PSE, but have possibly identified some carcasses that may fail in a 
consumer-tasting panel. It seems that the category that captured carcasses with a 
low ultimate pH described more of the meat quality variation; however, this is not 
identifying PSE like meat.  
 
A significant outcome of this project was to present new categories based on 
thresholds of fast and slow early rates of pH decline and high or low temperatures 
at 18 minutes. The division of data also included a medium rate group, which 
would aid in separating the fast and slow groups to attempt to better capture the 
greater variation between metabolism rates. The group identified as having 
reached pH6 quickly with a hot temperature at 18 minutes, had no improvement 
in WBSF through aging over 4 days. Furthermore, these carcasses had the most 
protein denaturation compared to all other groups. Because of these impacts, its 
seems clear that categorizing these carcasses did identify PSE like conditions and 
carcasses that should be excluded from a high valued retail market. In total, 28 
carcasses fell into this PSE-like category, about 16% of all carcasses (of 168 that 
were given categorization; the remainder of the carcasses could not have 
satisfactory time to pH 6 equation fitted to the data).  
 
We established that ultimate pH is not a good indicator of PSE like meat. Rather it 
identifies “acid meat”, which has significant quality defects. The effect of 
ultimate pH on meat quality attributes is linear and thus the lower the pH gets the 
worse the impact is. Thus, a threshold pH is not necessarily obvious, however for 
the purpose of this study a pH that is close to the isoelectric point (pH 5.4; where 
the protein have no net charge) of the muscle protein was used as a threshold for 
“acid meat”. Considering this threshold, 65 total carcasses of the 198 with 
recorded ultimate pH values were consider to have “acid meat” (32.8%). By 
implementing a grading system, using these categories 83 carcasses (43.9%) would 
be identified for having poor meat quality, leaving the remaining carcasses to 
have a greater probability of satisfactory eating quality.  
 
The findings of this project present the basis of an agreement that the industry 
requires a grading system based on the key area identified in this project, 



  

 
 
 

however any grading system requires a large amount of development and industry 
investment. The product must be presented to sensory panels and multiple cuts 
and genotypes would need to be investigated. It is not known if these quality 
categories impact on actual consumers preference or if they only impact the 
objective measurements. Previously, relationships with WBSF and consumer 
tenderness have been established, while consumers also consider tenderness to 
have the greatest impact on overall like (Jose et al., 2013). Thus because of the 
impact on WBSF, it would seem likely that the PSE like category and the acid meat 
category would result in less consumer preference.  
 
The current study identified muscle glycogen and temperature shortly after 
slaughter as the critical control points for meat quality development. If the 
temperature reflects acute pre-slaughter stress, then this could be controlled 
through handling conditions, but requires further investigation. Glycogen 
concentration is clearly more difficult to control and would be the result of 
genetic change with a focus on meat quality while optimizing productivity. None-
the-less, both of these control points would be difficult to control on farm, other 
than a genetic overhaul, and thus incorporating a quality grade would leave 
producers susceptible to penalties that may be beyond their control. Instead, this 
may be a method for processors to deliver a higher valued pork product with 
significantly less quality variation.  
 
Many studies have investigated nutritional means to lower glycogen at slaughter to 
improve meat quality. Strategic finishing diets can reduce muscle glycogen and 
improve meat quality, namely water holding capacity (Rosenvold, K., Lærke, 
Jensen, Karlsson, Lundström & Andersen, 2001; Rosenvold, K., Lærke, Jensen, 
Karlsson, Lundström & Andersen, 2002). Diets containing high fat (17-18%) and 
protein (22-24%) with low content of digestible carbohydrate (<5%) were required 
to reduce muscle glycogen stores in the loin muscle without effecting 
performance (Rosenvold, K. et al., 2001; Rosenvold, K. et al., 2002; Rosenvold, K 
et al., 2001). The high ratio of fat to carbohydrate is essential in replicating this 
effect on muscle glycogen stores. It has been shown that magnesium 
supplementation prior to slaughter improves pork quality by improving water 
holding capacity (D'Souza, Warner, Dunshea & Leury, 1999; D'Souza, Warner, Leury 
& Dunshea, 2000). These differences are likely due to increased lactate 
production immediately post slaughter (D'Souza et al., 1999).  
 
When developing a quality grade, the measurement of carcass parameters needs 
to be simple and with clear threshold. Further investigation into these thresholds 
is required as well as the measurement of such parameters. It is impractical to 
measure pH decline and glycogen content on a commercial basis and thus other 
methods need investigation. The measurement of pHu is also highly variable in 
meat, due to differences in carcass temperatures and the time of measurements, 
while also adding significant labor costs. Alternative methods or technologies 
could play a role in the grading of these products. Since the variation in 
temperature early after slaughter is very small, the sensitivity of thermal 
capturing devices may not be great enough to capture the effect, however could 
be investigated as a possible method. A technology currently being developed by 
Frontmatec (Denmark) to measure meats quality aspects. The NitFom is a device 
that has been shown to be able to categorize hams based on PSE-like categories as 
well as drip loss percentages (paper to be presented at 2017 ICOMST), and thus 
could be a tool to help classify Australian pork.  
 



  

 
 
 

  
 

5. Conclusion  
 
This project illustrates a high level of variance in the meat quality of Australian 
pork loin. These products could be classified into a number of groups, one being 
“acid meat” that is associated with very low pH. With a large proportion of the 
carcasses, having a pH below 5.4 there is a real issue when it comes to eating 
quality. A low pHu is known to impact on the water holding capacity and the best 
way to maximize production yield would be to produce a meat with a higher pHu. 
Furthermore, consumers prefer a higher pH meat. While it is clear in the LT 
muscle, low pH is a result of high glycogen concentration, the impact in other 
muscle types needs to be investigated to understand the carcass meat quality as a 
whole. It is known, from previous studies that the quality and ultimate pH will 
vary significantly between muscle types, with greater oxidative potential resulting 
in higher pH. Yet the industries desire to further improve the productivity is likely 
at the detriment of meat quality. However, the target should be to combine 
efficient growth with the best possible meat quality or alternatively to optimize 
meat quality at the lowest cost of production (Barbut et al., 2008).  
 
The Australian pork industry has expressed concern over the lack of improvement 
in tenderness when meat is aged. The current study showed that tenderness would 
improve with aging over 2 and 4 days aging. However, this was not seen in 
carcasses demonstrating PSE like conditions. It seemed that the occurrence of PSE 
like conditions was due to utilization of glycogen pre-slaughter resulting in a 
hastened early metabolism and raised carcass temperatures. This could be a result 
of increased stress, similar to the conditions in the “Hampshire effect”. However, 
it is not known if this is still a genetic influence or if this could be reduced by 
decreasing stress in lairage and pre-slaughter. 
 
Carcasses were categorized into groups based on early PM metabolism rates and 
temperatures and it was found that 16% of carcasses could be classified as PSE 
based on the negative impact on tenderness development. Furthermore, when 
classifying all carcasses based on historic PSE descriptions, the rate of PSE would 
range from 28-68% depending on the description. The results indicate that PSE like 
conditions are likely an issue in the Australian pork industry since these conditions 
have a great impact on tenderness development.   
 
The Australian pork industry needs to incorporate a grading system to enhance the 
eating experience of the consumer. This would identify carcasses that were at a 
greater risk of reduced eating quality such as carcasses that express “acid meat” 
and PSE like qualities. The benefit that these categories will have on more 
glycolytic cuts may be greater than the oxidative cuts, since the difference in 
eating quality between muscle types. Hence, cuts such as the loin would benefit 
from such a grading system with higher grade cuts being marketed as loin steaks 
and lower grade product being down-graded to stir fry or minced products. 
Unfortunately, value adding through moisture infusion would not work in acid 
meat, due to the pH being at or below the isoelectric point, and thus the moisture 
would not remain in the meat itself due to the lack of ionic charge of the 
proteins.  
 
 



  

 
 
 

 

6. Limitations/Risks  
The application of the research undertaken in this project are limited to the loin 
of entire male carcasses. However, this has established starting points and key 
control points and measurements that may impact on meat quality. Thus, there is 
very little risk involved with these results. Further investigation is required.  
 
 

7. Recommendations  
Based on the outcomes in this study the following recommendations are made: 
 

1. Develop a cuts based eating quality grade for the Australian pork industry. 
It is evident that the eating quality of cuts of greater glycolytic potential 
will have the greatest variation in eating quality; however, this needs to be 
confirmed. But since cuts that are more oxidative in nature will generally 
not produce “acid meat” the impact that ultimate pH has on eating quality 
will be void. While the variation in eating quality in glycolytic cuts such as 
the loin will be greater and dependent on ultimate pH. The impact of PSE 
like conditions in more oxidative cuts needs further investigation. 
 

2. Australian pork should be graded based on a low loin ultimate pH (acid 
meat) as well as for carcasses with PSE like conditions. By eliminating 
these carcasses, the remainder could be marketed as higher eating quality. 
For example, the effect of water holding capacity is mostly ultimate pH 
driven, while the impact on tenderness development is negatively affected 
by PSE like conditions, thus steaks eating quality would be based on the 
extent of tenderness development while increasing the moisture content in 
the steak. While aging did not result in increased loss of total moisture, 
this would allow for a tenderer and juicy product, and loin cuts marketed 
as high quality steaks. 
 

 
3. Test the impact of stress pre-slaughter on the modern Australian pig. It 

seems that the PSE like conditions could be related to utilization of 
glycogen pre-slaughter, possibly a result of increased stress. The supply 
chain that these carcasses were sourced has now incorporated a back 
loader and the impact that this has had in possible reducing the PSE like 
conditions is unknown 

 
4. Early carcass temperature seems to be an indication of utilization of 

glycogen pre-slaughter, however this needs to be investigated further 
along with other indicators of stress, such as lactate in the blood.  
 

5. Since aging in a non PSE like carcass improves over time, longer periods 
need to be investigated to optimize the eating quality of pork loin. The 
MSA grading system in Beef has a minimum requirement of 5 days aging 
before delivery to consumers. And thus the impact in normal pork loin 
needs to be quantified 
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Appendices 

Appendix 1:  
 
Table 13. Raw means data of all variables collected 

Variable N Mean Std Dev Minimum Maximum 

Carcase and meat quality 

Fat Depth (mm) 212 11.15 3.39 6.00 22.00 

HSCW (kg) 212 66.74 8.29 49.00 93.20 

L 196 54.41 3.28 44.04 65.25 

a 196 6.97 1.61 2.89 11.27 

b 196 5.15 1.61 1.15 11.16 

WBSF day 0 (N) 184 37.01 10.39 17.08 71.11 

WBSF day 2 (N) 177 34.84 9.06 18.18 59.83 

WBSF day 4 (N) 182 32.97 9.53 16.35 65.51 

ΔWBSF day 0 to day 2 (N) 173 2.18 8.23 -30.51 29.13 

ΔWBSF day 0 to day 4 (N) 174 3.52 8.11 -16.88 32.84 

24h driploss (%) 195 5.97 2.23 1.36 13.08 

Cook loss day 0 (%) 198 25.70 3.86 15.44 33.17 

Cook loss day 2 (%) 191 25.00 3.93 12.71 33.41 

Cook loss day 4 (%) 195 24.49 3.92 14.08 33.91 

Purge day 0 (%) 198 14.87 4.50 8.18 40.85 

Purge day 2 (%) 191 16.00 3.87 6.77 40.07 

Purge day 4 (%) 195 15.87 3.71 7.84 30.28 

Post mortem metabolism 

pH @ 45 minutes  214 6.15 0.35 5.03 6.83 

pH @ 2 hours  216 6.02 0.34 5.31 6.76 

pH @ 3 hours  216 5.92 0.32 5.18 6.64 

pH @ 4 hours  216 5.82 0.28 5.21 6.44 

ultimate pH 198 5.45 0.12 5.11 5.88 

Time to pH 6 169 2.47 1.65 0.09 7.95 

Temperature @ 18 minutes 218 40.41 0.51 39.10 42.40 

Temperature @ 45 minutes 214 38.58 2.05 29.70 41.60 

Temperature @ 2 hours 216 25.34 4.01 15.10 35.60 

Temperature @ 3 hours 214 18.84 3.45 11.40 28.80 

Temperature @ 4 hours 216 15.10 3.58 7.50 23.90 

Glycogen at slaughter (g/100g) 218 1.13 0.15 0.75 1.61 

Lactate @ 18 minutes 212 64.40 8.69 34.72 87.51 

Lactate @ 4 hours 211 86.67 13.94 41.10 118.76 

Lactate @ ultimate 189 108.04 7.71 89.22 135.94 

Residual glucose @ ultimate 189 13.33 6.56 -0.11 51.48 

LDH activity at 45 minutes 202 1359.43 163.87 934.70 1788.40 

LDH activity at 72 hours 190 1177.51 161.12 726.80 2065.40 

% LDH activity at 72 hours 176 0.88 0.14 0.55 1.54 

Myoglobin mg/g 186 0.94 0.23 0.37 1.64 

ICDH activity 202 3.14 0.80 1.34 5.88 

Sarcoplasmic protein  189 43.50 7.10 19.90 63.70 



  

 
 
 

 
Table 14. Raw means data for carcase and meat quality attributes for kills 1 – 3  

 
 
 
 
 
 
 

  N Mean Std Dev Minimum Maximum N Mean Std Dev Minimum Maximum N Mean Std Dev Minimum Maximum 

  Kill 1 Kill 2 Kill 3 

Fat Depth (mm) 30 9.77 3.19 6.00 18.00 29 9.59 2.04 6.00 16.00 35 9.77 2.17 7.00 16.00 

HSCW (kg) 30 65.71 6.79 50.60 82.50 29 63.52 6.00 54.30 76.70 35 65.94 6.99 53.90 79.50 

L 30 52.76 3.56 44.04 58.39 29 54.97 2.24 51.69 59.02 34 55.13 2.83 48.74 59.12 

a 30 7.29 1.85 2.89 10.64 29 6.83 1.34 4.26 10.40 34 7.70 1.02 5.03 9.42 

b 30 3.28 1.31 1.15 6.74 29 4.69 1.16 2.66 7.36 34 5.39 1.25 2.99 7.83 

WBSF day 0 (N) 30 41.69 9.57 26.21 59.74 15 43.33 12.84 26.57 69.58 34 29.34 6.19 17.08 43.35 

WBSF day 2 (N) 25 39.47 10.15 19.90 58.10 15 37.85 7.20 29.37 49.82 33 29.10 7.73 19.92 45.92 

WBSF day 4 (N) 28 39.05 9.72 17.69 60.21 15 34.20 9.38 24.06 59.77 34 29.50 7.74 16.35 48.14 

ΔWBSF day 0 to day 2 (N) 25 1.92 11.28 -30.51 21.39 11 7.49 8.86 -4.71 19.76 33 0.61 6.69 -12.03 16.08 

ΔWBSF day 0 to day 4 (N) 28 2.53 8.82 -15.93 19.26 7 3.95 6.98 -7.37 11.23 34 -0.16 6.79 -12.74 12.23 

24h driploss (%) 28 5.08 3.11 1.36 13.08 29 5.03 1.43 2.71 8.22 34 4.46 1.28 1.74 6.96 

Cook loss day 0 (%) 30 28.34 1.91 25.07 33.01 29 30.11 1.78 25.45 33.17 34 21.86 3.02 15.44 27.58 

Cook loss day 2 (%) 25 26.00 3.24 12.71 29.94 29 29.65 1.90 25.27 33.41 33 22.00 3.40 16.06 29.51 

Cook loss day 4 (%) 28 27.08 2.45 22.63 32.53 29 28.94 1.88 26.10 33.91 34 20.79 2.53 14.08 25.39 

Purge day 0 (%) 30 13.82 2.22 9.06 20.78 29 13.71 2.32 8.48 19.01 34 21.74 2.84 13.62 26.71 

Purge day 2 (%) 25 16.35 3.71 9.35 25.67 29 15.11 2.51 10.18 18.77 33 20.15 4.59 14.03 40.07 

Purge day 4 (%) 28 16.69 4.32 11.01 29.92 29 14.43 2.52 10.32 19.96 33 20.05 3.83 14.02 30.28 



  

 
 
 

 
Table 15 Raw means data for carcase and meat quality attributes for kills 4-6  

  N Mean Std Dev Minimum Maximum N Mean Std Dev Minimum Maximum N Mean Std Dev Minimum Maximum 

  Kill 4 Kill 5 Kill 6 

Fat Depth (mm) 35 12.40 3.38 7.00 19.00 39 10.97 3.10 6.00 17.00 44 13.36 3.84 8.00 22.00 

HSCW (kg) 35 71.97 7.51 54.40 86.80 39 62.52 7.70 49.00 79.30 44 69.78 9.54 49.90 93.20 

L 21 53.58 2.57 48.51 57.93 36 54.68 3.82 45.29 62.01 48 54.49 3.53 46.99 65.25 

a 21 5.78 1.40 3.39 9.57 36 6.94 1.68 4.14 11.27 48 6.90 1.72 4.20 11.08 

b 21 5.46 1.37 3.49 8.00 36 5.91 1.59 3.87 11.16 48 5.74 1.39 2.65 10.14 

WBSF day 0 (N) 21 39.57 10.84 25.94 71.08 36 38.87 10.06 23.72 71.11 48 35.01 9.14 20.42 63.11 

WBSF day 2 (N) 20 37.21 8.72 23.91 52.04 36 35.82 8.28 18.18 54.15 48 33.71 8.65 18.98 59.83 

WBSF day 4 (N) 21 35.39 10.61 21.79 62.51 36 31.40 9.20 19.38 61.69 48 31.62 8.87 19.99 65.51 

ΔWBSF day 0 to day 2 (N) 20 2.70 8.47 -12.18 19.04 36 3.05 8.37 -12.41 29.13 48 1.30 6.68 -11.78 19.19 

ΔWBSF day 0 to day 4 (N) 21 4.18 6.02 -11.53 15.75 36 7.48 9.38 -10.11 32.84 48 3.39 7.45 -16.88 21.94 

24h driploss (%) 21 6.91 2.32 1.97 12.20 36 7.14 1.83 4.55 13.04 47 6.85 1.74 3.18 11.06 

Cook loss day 0 (%) 21 24.29 2.75 18.00 28.56 36 26.40 3.30 20.28 32.15 48 24.18 3.14 17.48 31.32 

Cook loss day 2 (%) 20 24.10 3.12 18.29 28.63 36 25.87 3.71 17.94 32.77 48 23.47 3.09 17.45 29.37 

Cook loss day 4 (%) 21 23.10 3.82 17.22 30.02 35 25.19 3.51 19.54 32.60 48 23.02 2.98 16.67 29.35 

Purge day 0 (%) 21 12.67 2.83 9.12 18.69 36 14.75 5.04 10.06 40.85 48 12.41 2.57 8.18 19.22 

Purge day 2 (%) 20 14.44 3.12 9.46 21.35 36 15.48 3.36 8.48 23.61 48 14.53 2.62 6.77 19.86 

Purge day 4 (%) 21 14.29 2.24 9.31 18.00 36 16.08 2.42 10.55 20.40 48 13.92 2.61 7.84 19.55 

 



  

 
 
 

Table 16. Raw means data for post mortem metabolism for kills1-3 

  N Mean Std Dev Minimum Maximum N Mean Std Dev Minimum Maximum N Mean Std Dev Minimum Maximum 

  Kill 1 Kill 2 Kill 3 

pH @ 45 minutes  30 6.36 0.23 5.85 6.70 29 6.32 0.28 5.71 6.83 35 6.18 0.27 5.40 6.63 

pH @ 2 hours  30 6.19 0.32 5.47 6.59 29 6.20 0.37 5.45 6.76 34 6.10 0.30 5.47 6.65 

pH @ 3 hours  30 6.13 0.28 5.42 6.55 29 6.11 0.32 5.42 6.64 34 6.05 0.30 5.47 6.64 

pH @ 4 hours  30 6.06 0.26 5.47 6.42 29 5.88 0.34 5.21 6.37 34 5.89 0.26 5.38 6.44 

ultimate pH 30 5.44 0.08 5.29 5.65 29 5.48 0.07 5.36 5.66 34 5.41 0.14 5.11 5.77 

Time to pH 6 29 3.33 1.61 0.56 6.15 28 3.05 1.68 0.19 6.43 32 2.90 1.80 0.51 7.95 

Temperature @ 18 minutes 30 40.45 0.51 39.50 42.20 29 40.00 0.51 39.10 41.00 35 40.48 0.51 39.60 42.40 

Temperature @ 45 minutes 30 39.93 0.73 38.40 41.60 29 39.99 0.87 37.80 41.50 35 37.63 1.42 31.70 40.10 

Temperature @ 2 hours 30 22.38 3.51 15.30 29.10 29 23.11 2.83 17.40 29.00 34 24.50 2.91 19.90 31.00 

Temperature @ 3 hours 30 15.49 2.62 11.40 21.50 29 16.91 2.30 13.00 21.60 34 17.05 1.67 14.00 20.50 

Temperature @ 4 hours 30 11.31 2.34 7.50 17.10 29 12.58 2.01 9.10 16.90 34 13.66 2.31 9.60 18.40 

Glycogen at slaughter (g/100g) 30 1.20 0.15 0.96 1.52 29 1.11 0.13 0.84 1.32 35 1.16 0.16 0.87 1.61 

Lactate @ 18 minutes 30 63.98 10.45 42.00 87.51 29 62.36 7.95 45.85 78.01 33 66.12 8.55 34.72 83.37 

Lactate @ 4 hours 30 86.05 14.48 67.80 118.76 29 80.79 13.17 58.43 109.74 32 85.52 11.71 57.84 112.62 

Lactate @ ultimate 25 109.74 6.45 98.08 122.52 25 104.98 6.28 93.45 120.16 34 113.06 6.96 97.72 128.12 

Residual glucose @ ultimate 25 11.54 4.70 3.85 21.45 25 9.95 4.81 -0.11 18.04 34 13.04 5.21 4.29 26.07 

LDH activity at 45 minutes 29 1369.86 132.17 1039.90 1663.80 28 1348.83 136.16 1074.70 1704.50 32 1382.47 130.05 1110.40 1675.80 

LDH activity at 72 hours 30 1101.05 147.22 828.10 1357.30 22 1054.16 147.71 726.80 1336.20 34 1164.59 122.09 875.70 1387.20 

% LDH activity at 72 hours 29 0.81 0.10 0.58 0.99 22 0.78 0.08 0.55 0.88 32 0.85 0.09 0.61 1.00 

Myoglobin mg/g 27 0.75 0.29 0.37 1.64 22 0.81 0.15 0.59 1.07 34 0.90 0.15 0.50 1.23 

ICDH activity 29 3.10 1.07 1.43 5.81 28 2.98 0.81 1.34 4.77 32 3.00 0.68 1.99 4.60 

Sarcoplasmic protein  25 40.23 5.20 30.50 51.70 25 39.21 5.01 31.20 49.20 34 42.44 5.47 28.10 56.70 

 



  

 
 
 

Table 17 Raw means data for post mortem metabolism for kills 4-6 

  N Mean 
Std 
Dev Minimum Maximum N Mean 

Std 
Dev Minimum Maximum N Mean 

Std 
Dev Minimum Maximum 

  Kill 4 Kill 5 Kill 6 

pH @ 45 minutes  36 6.35 0.24 5.72 6.70 40 5.70 0.27 5.03 6.16 44 6.13 0.29 5.50 6.70 

pH @ 2 hours  35 6.17 0.19 5.77 6.64 40 5.79 0.30 5.31 6.38 48 5.84 0.29 5.39 6.51 

pH @ 3 hours  35 5.85 0.28 5.18 6.43 40 5.77 0.30 5.42 6.57 48 5.75 0.26 5.37 6.39 

pH @ 4 hours  35 5.81 0.20 5.42 6.18 40 5.72 0.25 5.42 6.28 48 5.67 0.23 5.35 6.18 

ultimate pH 21 5.48 0.12 5.28 5.73 36 5.35 0.06 5.21 5.47 48 5.54 0.11 5.28 5.88 

Time to pH 6 20 2.36 0.86 0.43 4.50 15 1.81 1.94 0.09 7.00 45 1.53 1.15 0.16 5.22 

Temperature @ 18 minutes 36 40.46 0.33 39.60 41.10 40 40.53 0.50 39.40 41.50 48 40.46 0.54 39.30 41.30 

Temperature @ 45 minutes 36 39.90 1.74 33.30 41.50 40 36.96 1.69 31.80 39.40 44 37.88 2.35 29.70 40.50 

Temperature @ 2 hours 35 30.74 2.70 25.00 35.60 40 24.54 3.44 15.10 33.40 48 25.87 2.93 19.50 32.30 

Temperature @ 3 hours 35 21.53 3.32 15.20 28.80 40 18.82 2.39 14.40 23.90 46 21.54 2.84 14.20 26.10 

Temperature @ 4 hours 35 18.11 2.85 12.20 23.90 40 15.16 2.76 11.00 20.90 48 17.77 2.87 10.40 23.10 

Glycogen at slaughter (g/100g) 36 1.08 0.15 0.80 1.36 40 1.15 0.13 0.89 1.45 48 1.09 0.16 0.75 1.54 

Lactate @ 18 minutes 35 59.68 7.34 43.04 71.81 37 66.32 8.87 51.12 83.18 48 66.70 7.45 49.63 84.24 

Lactate @ 4 hours 35 86.97 11.94 58.12 103.20 37 92.88 16.16 56.23 117.36 48 86.39 13.72 41.10 115.10 

Lactate @ ultimate 21 107.73 7.87 97.25 127.34 36 109.87 6.62 89.68 123.98 48 103.97 7.68 89.22 135.94 

Residual glucose @ ultimate 21 12.56 6.02 5.06 27.50 36 15.73 5.74 4.40 31.57 48 14.76 8.69 2.64 51.48 

LDH activity at 45 minutes 35 1438.55 164.77 1020.90 1788.40 36 1391.00 146.84 1002.00 1674.20 42 1248.76 185.64 934.70 1740.60 

LDH activity at 72 hours 21 1236.03 129.46 1040.80 1485.70 36 1200.70 146.67 887.40 1538.50 47 1249.48 173.78 910.30 2065.40 

% LDH activity at 72 hours 20 0.87 0.08 0.72 1.09 32 0.89 0.12 0.65 1.10 41 1.01 0.17 0.71 1.54 

Myoglobin mg/g 21 1.06 0.21 0.65 1.48 36 0.93 0.18 0.56 1.37 46 1.11 0.19 0.75 1.51 

ICDH activity 35 3.17 0.91 1.65 5.88 36 3.20 0.67 2.20 4.90 42 3.29 0.67 2.14 5.14 

soluble sarcoplasmic protein  21 44.95 6.97 29.90 59.80 36 40.33 7.43 19.90 51.60 48 49.94 4.98 34.80 63.70 



  

 
 
 

 
Table 18. The raw data of the selected parameters from the different Carcass categories 

 
 
 
 

Variable N Mean Std Dev Min Max N Mean Std Dev Min Max 

Fat Depth 28 12.11 4.06 8.00 22.00 27 12.78 3.29 7.00 21.00

HSCW 28 66.60 7.45 52.70 79.30 27 68.78 9.92 49.90 93.20

Temperature @ 18 minutes 28 40.38 0.25 39.70 40.60 28 41.00 0.31 40.70 42.20

Time to pH 6 28 0.88 0.42 -0.22 1.46 28 0.63 0.38 0.09 1.48

ultimate pH 28 5.46 0.13 5.29 5.83 28 5.49 0.11 5.26 5.77

Glycogen at slaughter 28 1.12 0.15 0.79 1.36 28 1.10 0.16 0.84 1.54

Lactate @ ultimate 28 107.55 8.67 89.22 128.12 28 106.17 9.16 91.17 135.94

WBSF day 0 25 38.40 10.97 21.65 63.11 28 37.94 9.76 20.42 60.22

WBSF day 2 27 34.28 9.02 19.92 53.10 27 37.48 11.00 18.18 59.83

WBSF day 4 25 30.43 6.99 19.58 49.12 27 36.20 12.43 19.38 65.51

ΔWBSF day 0 to day 2 25 4.08 7.51 -9.91 19.19 27 0.28 9.75 -30.51 18.17

ΔWBSF day 0 to day 4 23 6.59 8.78 -6.52 26.00 27 1.56 9.12 -16.88 19.76

Sarcoplasmic protien 28 44.89 8.51 20.00 59.10 28 44.25 6.11 30.50 54.40

Variable N Mean Std Dev Min Max N Mean Std Dev Min Max 

Fat Depth 32 11.22 3.59 6.00 19.00 30 11.03 3.21 7.00 19.00

HSCW 32 68.18 8.39 53.20 86.80 30 68.95 8.49 55.40 84.20

Temperature @ 18 minutes 32 40.02 0.26 39.30 40.30 30 40.72 0.41 40.30 42.40

Time to pH 6 32 2.21 0.43 1.55 2.96 30 2.37 0.44 1.54 2.99

ultimate pH 32 5.46 0.12 5.11 5.73 30 5.47 0.10 5.28 5.68

Glycogen at slaughter 32 1.16 0.17 0.86 1.52 30 1.10 0.13 0.85 1.39

Lactate @ ultimate 28 108.46 6.76 96.97 120.53 29 108.63 8.00 89.68 127.34

WBSF day 0 29 34.61 9.58 17.71 69.58 30 34.48 9.45 20.70 59.74

WBSF day 2 25 34.30 8.46 20.59 53.09 29 31.96 7.84 19.90 49.14

WBSF day 4 28 32.90 8.79 17.69 59.77 29 30.64 8.58 19.92 54.43

ΔWBSF day 0 to day 2 25 0.75 8.84 -11.78 19.76 29 2.30 7.59 -9.98 29.13

ΔWBSF day 0 to day 4 28 1.25 6.90 -12.74 11.71 29 3.95 8.80 -11.70 32.84

Sarcoplasmic protien 27 44.04 5.62 33.40 52.00 29 46.75 7.23 32.60 59.80

Variable N Mean Std Dev Min Max N Mean Std Dev Min Max 

Fat Depth 29 10.21 2.76 6.00 17.00 31 10.48 3.21 6.00 19.00

HSCW 29 64.45 7.63 49.00 80.20 31 67.39 6.43 57.00 84.00

Temperature @ 18 minutes 30 39.75 0.33 39.10 40.20 31 40.55 0.31 40.30 41.50

Time to pH 6 30 4.50 1.20 3.10 7.95 31 4.06 1.08 3.10 7.00

ultimate pH 29 5.43 0.10 5.17 5.59 23 5.47 0.15 5.21 5.88

Glycogen at slaughter 30 1.17 0.14 0.97 1.61 31 1.12 0.18 0.75 1.54

Lactate @ ultimate 26 106.78 5.89 94.89 119.72 22 111.01 8.41 94.91 125.47

WBSF day 0 22 38.08 11.93 17.08 64.03 23 37.48 9.88 23.31 56.00

WBSF day 2 21 34.58 9.03 20.44 55.61 21 33.60 9.45 21.31 57.86

WBSF day 4 25 31.38 7.50 20.15 48.27 21 34.16 10.50 16.35 53.71

ΔWBSF day 0 to day 2 19 5.19 8.27 -11.56 21.39 21 2.22 8.03 -12.18 16.54

ΔWBSF day 0 to day 4 19 5.97 6.36 -3.14 19.26 21 2.75 7.72 -15.93 18.50

Sarcoplasmic protien 26 42.13 5.25 31.20 51.10 23 43.23 6.73 33.10 63.70

Slow

Cold Hot

Cold Hot

Fast

Medium

Cold Hot



  

 
 
 

 
Figure 24: The distribution of carcass quality categories for temperature at 18 minute and time 
to pH 6. FC= Fast early metabolism and cold Carcass at 18 minutes; FH = Fast early metabolism and 
Hot Carcass at 18 minutes; MC= Medium metabolism rate and cold carcass at 18 minutes; MH = 
Medium metabolism rate and hot carcass at 18 minutes; SC = Slow metabolism rate and cold carcass 
at 18 minutes; SH = Slow metabolism rate and Hot carcass at 18 minutes. 
 



  

 
 
 

 
Figures 25: the histogram of the distribution of Ultimate pH based on high, medium and low 
Ultimate pH  



  

 
 
 

 
Figures 26: The histogram presenting the distribution of ultimate pH for the Hot and Cold 
Temperature at 18 minutes categories.   

 
 
 
 
 
  



  

 
 
 

 
Figure 27: The histogram presenting the distribution of ultimate pH for the fast, medium and 
slows time to pH 6 categories.  
 
 



  

 
 
 

 
 

 
 
Figure 28: The histogram presenting the distribution of ultimate pH for the time to pH 6 and 
temperature at 18 minutes carcass categories. FC= Fast early metabolism and cold Carcass at 18 
minutes; FH = Fast early metabolism and Hot Carcass at 18 minutes; MC= Medium metabolism rate 
and cold carcass at 18 minutes; MH = Medium metabolism rate and hot carcass at 18 minutes; SC = 
Slow metabolism rate and cold carcass at 18 minutes; SH = Slow metabolism rate and Hot carcass at 
18 minutes. 
 
 
 
 
 


