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ABSTRACT 

The quality of cooked meat is valuable for consumers and meat industry. The aim of this research 

was to identify structural determinants of the quality of cooked meat. Muscle type (bovine 

semitendinosus, psoas major, biceps femoris), cooking temperature (45°C-85°C), ageing time (14 

vs 0 days in beef; prolonged 15 vs conventional 3 days in pork), enzyme inhibition (+/-cathepsin 

inhibitor) and fibre type (bovine masseter 100% type I; cutaneous trunci 93 % type II) were 

investigated factors affecting meat quality. Methods for measuring quality (cooking loss and 

Warner- Bratzler shear force (WBSF)), structural changes (shrinkage) and protein denaturation 

(Differential Scanning Calorimetry (DSC) and Fourier Transform Infrared (FTIR) 

microspectroscopy) were used.  

Cooking loss was higher in semitendinosus compared to biceps femoris and psoas major; and it 

increased with temperature in beef and pork. Cooking loss increased with ageing of beef 

independent of temperature and muscle type; and decreased with prolonged ageing compared 

to conventional ageing, of pork (cooked at 70°C and 80°C). The denaturation enthalpy of 

masseter and cutaneous trunci explained 58 % and 59% of the variation in cooking loss, 

respectively. Reduction of WBSF in bovine muscles rich in collagen (all but psoas major) with 

cooking at 60°C-65°C was attributed to collagen denaturation. The increase in WBSF in unaged 

beef with cooking at 70°C and 80°C was attributed to intact titin denaturation.  

In relation to shrinkage, 3D laser scanning was compared to caliper measurements, and was 

found inferior in measuring volume and predicting cooking loss. Cuboids` transverse and 

longitudinal shrinkage were higher in muscles with higher collagen content and sarcomere 

length, respectively. Transverse shrinkage started 5°C higher in psoas major fibre fragments, 

compared to semitendinosus and biceps femoris, likely due to predominant type I fibres. It was 

proven that transverse and longitudinal shrinkage of fibre fragments is caused by myosin and 

actin/titin denaturation, respectively. Since ageing reduced the longitudinal shrinkage of cooked 

beef (biceps femoris and psoas major cuboids at 80°C, semitendinosus and biceps femoris fibre 

fragments at ≥75°C) and pork, an important role of titin in longitudinal shrinkage was 

hypothesized. Cathepsin inhibition reduced the longitudinal shrinkage (semitendinosus, biceps 

femoris, psoas major cooked at >75°C), and increased the transverse shrinkage (semitendinosus 

at ≥60°C) of fibre fragments. Longitudinal and transverse shrinkage were major contributors to 

cooking loss (beef and pork) and WBSF (beef), respectively. 

Cutaneous trunci had higher cooking loss (≤75°C), higher transverse (≤60°C), longitudinal (≤80°C) 

and volume shrinkage of fibre fragments (≤65°C); as well as lower transition temperature of 



ii 
 

myosin, higher reduction in α-helix and β-sheet, and higher, compared to masseter, formation 

of β-aggregated strands, random coil and aromatic side chains (≤60°C). The differences in 

protein denaturation and shrinkage between masseter and cutaneous trunci cooked at 55°C 

were attributed to the myosin isoform, while the differences in muscle fibre and connective 

tissue proteins’ denaturation at 60°C and 65°C were pH dependent.  

Myosin (isoform, denaturation), actin (denaturation), titin (degradation, denaturation), collagen 

(content, denaturation) and sarcomere length were proven or postulated, as structural 

determinants of the quality of cooked meat. 
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CHAPTER 1 

1. GENERAL INTRODUCTION 

Meat is an important part of the human diet for its protein content and micronutrients (Wyness, 

2016). Consumption of beef shows fluctuating trends around the world with an increase in 

consumption in developing countries in Asia, and a decrease in consumption in developed 

countries (MLA, 2017). Australia is an efficient producer of cattle and the world`s third largest 

exporter of beef (MLA, 2019). The progress of the Australian red meat industry is dependent on 

five pillars: organoleptic appeal of the meat, its safety, nutritive value, ethics and production 

efficiency (Pethick et al., 2011). Pork, on the other hand, is the most consumed type of meat in 

the world. Australians consume on average 24.2 kg of pork a year of which 9.2 kg are fresh pork 

(APL, 2013). Australia exports 8% of its pork production to other countries and sells 25 % of it 

pork through food service (APL, 2013).  

Tenderness, succulence (juiciness) and flavour determine the consumer acceptability of cooked 

meat (Horsfield & Taylor, 1976; Platter et al., 2003). Willingness-to-pay studies have shown that 

consumers can distinguish levels of tenderness and that they are willing to pay more for more 

tender meat (Boleman et al., 1997; Lusk et al., 2001; Miller et al., 2001). Consumers in Australia 

and in export markets judge tenderness as the most important sensory trait that constitutes the 

eating quality of cooked beef (Egan et al. 2001). Additionally, the consequences of unacceptable 

water- holding capacity (WHC) on the meat industry amount to financial loss of millions of 

dollars a year (Huff-Lonergan & Lonergan, 2005). Juiciness is found to be moderately and weakly 

correlated with tenderness in beef as measured by Warner-Bratzler shear force, and consumer 

rating, respectively (Rhee et al., 2004). Consumers are also willing to pay more for a pork with 

better juiciness (Sanders et al., 2007) and studies of pork have also shown the importance of 

tenderness as a sensory trait (Van Oeckel et al., 1999).  

The tenderness and juiciness of meat will impact the consumer satisfaction with the product 

and subsequently the consumers decision to re- purchase the product. Therefore, eating quality 

of meat is important for the consumer that expects a high-quality product; and for the industry 

by ensuring a premium for such high-quality product and by preventing economic losses when 

consumers do not repurchase the product. At the same time, cooking loss and shrinkage of meat 

during cooking constitute a problem for both the catering, and the processed meats sectors of 

the meat industry since there is a reduction in the volume and weight of the meat products 

consequent to cooking.  
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CHAPTER 2 

2. LITERATURE REVIEW 

Cooking, in a conventional sense, is the application of heat to transform food to be more 

sensorially acceptable, safe and digestible. Cooking of meat causes changes in its proteins that 

are reflected in changes in quality (texture and cooking loss) and in structural changes 

(shrinkage) (Tornberg, 2005; Warner et al., 2017). Proteins are the most abundant biochemical 

components of meat and there is much evidence that their state and interactions determine the 

quality of cooked meat. Conformational changes in all three groups of meat proteins, 

myofibrillar, sarcoplasmic and connective tissue proteins, are largely responsible for the quality 

of the cooked meat (Tornberg, 2005; Berhe et al., 2014). Bouton et al. (1976) defined the meat 

structure as a two component system composed of the myofibrillar and connective tissue 

proteins, and suggested that the outcome of heating will be determined by the heating effects 

on the interaction between these two components. During cooking, the denaturation of major 

myofibrillar proteins mainly leads to toughening of meat (Hamm, 1966), while denaturation 

(solubilization) of connective tissue proteins mainly leads to tenderization (Laakkonen et al., 

1970) and this is known as the theory of collagenous tenderness and myofibrillar toughness 

(Lehmann & Schindler, 1907). Denaturation of myofibrillar proteins also leads to reduction in its 

water-holding capacity (WHC), that results in expulsion of water from the structure during 

heating, known as cooking loss. In addition, sarcoplasmic proteins, which are globular proteins, 

are distinctly different to the fibril-based myofibrillar and connective tissue proteins, as they 

aggregate and coagulate during heating, forming a gel and potentially binding water, hence 

indirectly also affecting meat texture (Tornberg, 2005).  

This literature review will start with a brief overview of meat structure and composition (Section 

2.1). Then it will review the published literature on the changes in quality, structural and protein 

changes during cooking of meat, as well as the role of fibre type as a determinant of cooked 

meat quality. The section on quality changes (Section 2.2) will include the changes in WBSF and 

cooking loss during cooking of meat. The section on structural changes (Section 2.3) will cover 

the shrinkage and other histological changes of meat during cooking. The protein changes 

section (Section 2.4) provides insights into the changes in the primary structure- degradation 

during ageing and cooking, and in the secondary structure of meat proteins during cooking. 

Finally, the role of muscle fibre type on the changes in quality, structural and protein changes 

during cooking will be reviewed (Section 2.5). Based on the revised literature, the knowledge 

gaps will be identified (Section 2.6) and the review will end with the chosen research approach 

(Section 2.7), hypothesis, aim and research questions addressed in this thesis (Section 2.8).  
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2.1. Meat structure and composition 

Meat is animal-derived skeletal muscle that converts into edible food through biochemical 

transformation post- mortem. The highest organizational unit, the muscle, is composed of 

muscle bundles, which themselves are composed of muscle fibres or muscle cells (Figure 2.1). 

Muscle fibres have a diameter between 10 µm- 100 µm, and length between 1 mm- 40 mm. The 

volume of the myofibrils takes upon 80 %- 87 % of the muscle cell (Pearson & Young, 1989). 

Myofibrils are composed of the basic structural unit of muscle, the sarcomere, which itself is 

built of thin (actin) and thick (myosin) filaments (Figure 2.1). The thick filaments are anchored 

with titin filaments to the Z-line, comprised of the protein alpha-actinin (Figure 2.1). The muscle 

is surrounded by a network of connective tissue, known as intramuscular connective tissue 

(IMCT), with epimysium surrounding the muscle, perimysium surrounding the bundles and 

endomysium surrounding the muscle fibres (Figure 2.1).  

 

Figure 2. 1 Muscle, bundle, fibre and myofibril structure. Muscle image adopted from (Purslow, 2010), fibre image 

adopted from (Greaser, 1997), sarcomere image from Biorender application (www.biorender.com). Figures are 

adapted with permission. 

By chemical composition, meat is mostly composed of water 75 %, followed by protein (19%) 

and a smaller presence of lipids (2.5 %) and carbohydrates (1.2 %). Muscle water is divided into 

bound water (10 %), intermyofibrillar water (75 %) and free water (intermyofibrillar and 

extracellular) (15 %) (Liu, 2016). Proteins in meat bind 300 g water per 100 g of protein, which 

is mostly (70%) bound by myofibrillar proteins, 20 % is bound by sarcoplasmic proteins and 10 

% by the connective tissue (Pearson & Young, 1989).  

http://www.biorender.com/
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Myofibrillar proteins are the most abundant proteins in mammalian skeletal muscle (11.5 % of 

wet weight), followed by sarcoplasmic proteins (5.5 % of wet weight), whereas connective tissue 

proteins are the least abundant (2 % of wet weight). Myofibrillar proteins include contractile, 

cytoskeletal and regulatory proteins. Myosin and actin are contractile proteins which are the 

most abundant myofibrillar proteins in meat, representing 50% and 20% of this group of proteins 

respectively (Pearson & Young, 1989). The myosin molecule is composed of several structural 

domains: head (S1), hinge (S2), which together form the heavy meromyosin part of the molecule 

HMM; and tail, rod or also called Light meromyosin part of the molecule (LMM) (Figure 2.2). The 

chains that compose these parts are divided into myosin heavy chains (MyHC) and myosin light 

chains (MLC) (regulatory and essential) (Figure 2.2). Differences in the MyHC, MLC, and other 

parts of the myosin molecule, as well as differences in other muscle proteins, help in grouping 

the muscle fibres into fibre types.  

 

Figure 2. 2 Diagram of myosin molecule. HMM is heavy meromyosin, LMM is light meromyosin. From Sweeney and 

Hammers (2018), with permission. 

Cytoskeletal proteins are types of myofibrillar proteins that are important for the muscle 

structure, among which titin is the most abundant (5-8 %) out of the myofbrillar proteins, 

followed by nebulin (3 %) and many other proteins present at less than 2 % (Pearson & Young, 

1989). Amongst the minor proteins, desmin, although present at only <0.2 % of myofibrillar 

proteins, deserves a mention for its structural role of providing transverse connection between 

sarcomeres through their Z lines (Pearson & Young, 1989).  

The connective tissue, which essentially is extracellular matrix, is composed of collagen placed 

in a matrix of proteoglycans (Purslow, 2014). Collagen in skeletal muscles appears in types I, III, 

IV, V, VI, XII and XIV (Purslow, 2014); collagen type I is most abundant in the epimysium, collagen 

type III is most present in the perimysium and collagen type IV is most abundant in the 

endomysium (basal lamina) (Greaser, 1997). While type I and III collagens are fibril forming, type 

IV collagen has been described as having a `chicken-wire` form of structure (Greaser, 1997). 
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2.2. Changes in meat quality during cooking 

2.2.1. Cooking loss 

Cooking loss represents the loss of liquid during the cooking process. Tarrant et al. (1975) 

defined cooking loss as the weight loss resulting from decreased water- holding capacity (WHC), 

driven by large changes in sarcoplasmic and myofibrillar proteins that occur during heating of 

meat. The cooking loss of meat increases with the increase in temperature (Palka & Daun, 1999), 

and cooking time at a defined temperature (Bertola et al., 1994). The greatest increments of 

cooking loss during heating of bovine semitendinosus muscle have been noted between 50-60°C 

and 60-70°C (Palka & Daun, 1999). A study in porcine longissimus thoracis muscle found that the 

greatest cooking losses occurred between 56 and 58°C (Berhe et al., 2014).  

Roles of myofibrillar, connective tissue and sarcoplasmic proteins towards the occurrence of 

cooking loss have been proposed by different authors. Bendall and Restall (1983) observed three 

phases of cooking loss during heating of muscle fibre bundles from bovine psoas major and 

sternomandibularis: a small fluid loss between 40°C and 52.5°C due to the denaturation of 

sarcoplasmic and myofibrillar proteins, rapid increase  in cooking loss between 52.5°C and 60°C 

due to shrinkage of basement membrane collagen, and increased cooking loss between 64°C 

and 94°C due to collagen shrinkage in the epimysium, perimysium and endomysium. Palka and 

Daun (1999) related the cooking losses between 40°C- 60°C, 56°C- 62°C and 66°C- 73°C to the 

denaturation of myosin, collagen and actin respectively, with the denaturation leading to the 

expulsion of water from the contracted protein system. Ishiwatari et al. (2013) showed that 

myosin denaturation at 56.3°C and actin denaturation at 73.2°C caused 8 % and 15 % increase 

in cooking loss, respectively. Several studies have postulated that collagen shrinkage is the main 

driver behind cooking loss (Bendall & Restall, 1983; Davey & Gilbert, 1974). In a simultaneous 

Nuclear Magnetic Resonance (NMR) and Differential Scanning Calorimetry (DSC) study of 

porcine longissimus lumborum et thoracis, denaturation of myosin rod and LMM at 

temperatures around 53°C- 58°C was correlated with the change in water distribution within the 

muscle; while expulsion of water, observed by the T2 parameter of the NMR measurements, 

occurred around 80°C-82°C, overlapping with the denaturation of actin (Bertram, Wu, et al., 

2006). This aligns with the results of Martens et al. (1982) who illustrated that actin denaturation 

is negatively related to juiciness in bovine semimembranosus. Pearce et al. (2011) related a high 

content of intra-myofibrillar water, and a low content of extra-myofibrillar water, to more 

tender meat, while the extra-myofibrillar water was considered a contributor to better juiciness 

of the meat. The role of sarcoplasmic proteins in the WHC of meat has mainly been explored in 
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relation to PSE (pale, soft, exudative) pork. Bendall and Wismer-Pedersen (1962) established a 

theory that the decrease of WHC under conditions of increased muscle temperature results from 

denaturation of sarcoplasmic proteins which form a protein layer firmly bound to the myofibrils, 

although the myofibrillar proteins which are not denatured. Liu et al. (2015), and Monin and 

Laborde (1985), have shown that the WHC of myofibrils is increased by adding sarcoplasmic 

proteins and this effect was visible at temperatures between 38°C and 44°C (Liu et al., 2015). 

Denatured sarcoplasmic proteins form a network for entrapping water in PSE- like conditions 

with temperatures between 21°C and 44°C (Liu et al., 2016), and cooked meat sarcoplasmic 

proteins are believed to form a gel between the structural elements (Tornberg, 2005). However, 

high cooking temperatures might lead to substantial loss of sarcoplasmic proteins in the cooking 

loss, which would make their role in the WHC during cooking a topic that needs further 

exploration. 

2.2.2. Warner- Bratzler shear force (WBSF) 

In contrast to cooking loss, WBSF does not change in a linear trend with increases in cooking 

temperature (Christensen et al., 2000; Davey & Gilbert, 1974). The distinct chemical nature of 

meat proteins, that is evident in different denaturation temperatures for each protein, suggests 

that the toughening occurring during heating cannot be treated as a single step process (Machlik 

& Draudt, 1963). Davey and Gilbert (1974) studied the toughness of bovine sternomandibularis 

as a function of temperature, using a tenderometer, and discovered two phases of toughening. 

They demonstrated a three to fourfold increase in toughness between 40°C and 50°C and a 

twofold increase of toughness between 65°C and 75°C (Davey & Gilbert, 1974). However, it has 

been shown that the two phases of toughening can be separated by a tenderization stage, for 

example in semitendinosus cooked to 60°C (Christensen et al., 2000). Many studies have indeed 

shown a lower WBSF or increased sensory tenderness when beef is cooked to end- point 

temperatures of 60°C- 65°C (Bouton & Harris, 1981; Machlik & Draudt, 1963; Martens et al., 

1982).  

By comparing the toughening pattern of meat during heating, with simultaneous assays for 

myosin and sarcoplasmic protein extractability, and connective tissue shrinkage, Davey and 

Gilbert (1974) demonstrated a relation between the first toughening phase and myosin 

denaturation, and the second toughening phase and connective tissue shrinkage. In a study 

where the same amount of energy employed for a DSC study was used to thermally treat the 

product tested for its texture, Ishiwatari et al. (2013) showed an insignificant increase in the 

elastic modulus due to the first denaturation peak assigned to myosin, and a dramatic change 
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in texture caused by the second denaturation step of the myofibrillar protein actin. Bertola et 

al.(1994) associated the decreased hardness of semitendinosus muscle between 60°C and 64°C 

to myosin and collagen denaturation. In relation to softening and disintegration of meat during 

cooking around 63°C, Hamm (1966) hypothesised that it occurs by the formation of gelatine 

from collagen, when the cross linkages between the collagen molecules are separated. However, 

when we discuss the effect of solubilized collagen on meat tenderness, we refer to three 

fractions of collagen: soluble, weak insoluble and strong insoluble (Purslow, 2014). The soluble 

fraction is the one that contributes to meat tenderization even with fast cooking (Purslow, 

2014). Figure 2.3 illustrates the hypothesis that insoluble collagen contains two fractions- weak 

and strong fraction, which differ in their response to ageing and cooking (Purslow, 2014). It is 

postulated that the weak fraction of insoluble collagen is affected both by ageing and cooking, 

whereas the strong fraction of insoluble collagen is not affected by either ageing or cooking 

(Figure 2.3; Purslow, 2014). The strength of the IMCT of raw aged meat is lower than in raw 

unaged meat, because of the ageing related proteolysis while the strength of the IMCT in unaged 

meat is reduced due to the cooking effect (Figure 2.3). The insoluble component of collagen will 

not be affected by heat and it will contribute to the ‘background’ toughness, which presents the 

lowest IMCT on the diagram in Figure 2.3 (Purslow, 2014; Koohmaraie & Geesink, 2006).  

 

Figure 2. 3 Hypothesised response to heat of weak and strong insoluble fraction of collagen in unaged and aged 
meat.  
a) Collagen state depending on ageing and cooking. b) How the strength of the IMCT is affected by the collagen 

state. Pink cylinders - strong insoluble collagen; grey cylinders – weak insoluble collagen; green background and 

line - raw unaged; blue background and line - raw aged; pink background and line- cooked (unaged and aged). From 

Purslow et al. (2014) with permission. 
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Møller (1981) suggested that WBSF measurements of meat cooked at 60°C are dominated by 

the force of the connective tissue, while in meat cooked at 80°C, they are dominated by the 

myofibrillar proteins, and this is illustrated in Figure 2.4. 

 

Figure 2. 4 Warner- Bratzler shear force (WBSF) curves for semitendinosus muscles heated to a) 60°C and b) 80°C. 

Peak force at 60°C is defined by the connective tissue force, and at 80°C by the myofibrillar force. Adapted from 

(Møller, 1981), with permission. 

In conclusion, Martens et al.(1982) provides a good summary on the changes in WHC and texture 

during cooking in relation to sensory scores and protein denaturation dynamics of bovine 

semimembranosus, psoas major and semitendinosus. Successive denaturation of collagen and 

actin with an increase in temperature led to a decrease in juiciness, which was most likely a 

consequence of increased cooking loss (Table 2.1). Firmness (hardness) increased with the 

denaturation of the myofibrillar proteins myosin and actin and decreased with collagen 

denaturation (Table 2.1). However, these trends are unlikely to be uniform across all species and 

muscles (Davey & Gilbert, 1974; Huang et al., 2011). 

Table 2. 1 The relationship between sensory scores and protein denaturation in bovine semimembranosus, psoas 
major and semitendinosus. Adapted from Martens et al. (1982), with permission. 
The number of symbols indicates a higher effect on sensory scores, - indicates decrease, + indicates increase. 

Increased firmness, reduced texture impression and reduced juiciness mean less acceptable. The denaturation 

temperature, as, derived from Differential Scanning Calorimetry (DSC) analysis, represents point at which <10 % 

and >90 % of proteins are denatured after 5 min heating. Temperatures are given to approximately ±2oC. LMM- 

Light Meromyosin, HMM- Heavy Meromyosin.  

Sensory characteristic Myosin denaturation 
LMM 40°C-54°C 
HMM 53°C-60°C 

Collagen 
denaturation 
56°C-62°C 

Actin 
denaturation 
66°C-73°C 

Firmness ++ (--) +++ 

Total texture impression  ++ -- 

Juiciness (--) -- --- 

Finally, while sarcoplasmic proteins can contribute indirectly to meat texture through 

aggregation and gel- formation, the continuous curve of their denaturation between 40°C and 

90° C was considered as counter-evidence of their role in the two toughening phases in bovine 

sternomandibularis in the study of Davey and Gilbert (1974). 
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2.3. Structural changes during cooking 

2.3.1. Shrinkage 

During cooking, in parallel to the changes in texture, heat induces shrinkage of meat. Shrinkage 

of meat during cooking was explored in the late 1970’s as a potential indicator of meat 

tenderness (Hostetler & Landmann, 1968), and was recently revisited as together with cooking 

loss, quantification of shrinkage may assist in understanding of the changes that occur during 

cooking (Purslow et al., 2016). It has been established that shrinkage occurs in two dimensions: 

perpendicular to the muscle fibre direction defined as transverse, and parallel to the muscle 

fibre direction, defined as longitudinal (Hostetler & Landmann, 1968; Hughes et al., 2014; 

Tornberg, 2005). Transverse shrinkage of meat starts when meat is cooked at 35°C-45°C (Bendall 

& Restall, 1983; Hearne et al., 1978; Hostetler & Landmann, 1968; Palka & Daun, 1999; Tornberg, 

2005) and finishes at 60°C-62°C (Bendall & Restall, 1983; Hearne et al., 1978; Hostetler & 

Landmann, 1968; Palka & Daun, 1999). The longitudinal shrinkage measured as reduction in 

sarcomere length or in fibre length starts between 55°C and 64°C (Bendall & Restall, 1983; 

Hearne et al., 1978; Hostetler & Landmann, 1968; Palka & Daun, 1999) although some minor 

decrease of length is noted already at 40°C (Bouton et al., 1976). While the longitudinal 

shrinkage completes at a maximum temperature of ~90°C, a third transverse shrinkage was 

found with cooking of bovine semitendinosus at 121°C in one single study (Palka & Daun, 1999). 

However, in a study using bovine sternomandibularis, Davey and Gilbert  (1974) did not find 

transverse shrinkage, but found transverse swelling at a temperature of 80°C (4 %) in bovine 

sternomandibularis. Locker and Daines (1976) distinguished two planes in the transverse 

shrinkage of strips from bovine rectus abdominis, psoas major and longissimus thoracis et 

lumborum, being width and height, and concluded that cooking caused an increase in thickness 

and a decrease in  width of the strips, i.e. transverse anisotropy.  

Offer and Trinick (1983) raised the question whether muscle fibre shrinkage is actively driven by 

the structural proteins such as myosin, or passively driven by the enclosing endomysium. Bendall 

and Restall (1983) associated the transverse shrinkage of bovine sternomandibularis and psoas 

major to denaturation of collagen in the endomysium. However, Purslow et al.(2016) postulated 

that transverse shrinkage is a consequence of myosin denaturation based on the lack of 

difference in the extent of transverse shrinkage of fibre fragments and whole meat; thus they 

presumed that collagen did not have a role in the process. Bouton et al. (1976) hypothesised 

three phases of longitudinal shrinkage in their study of bovine muscles, with onsets of shrinkage 

at 40°C, 55°C and 70°C, and connected them to changes in the myofibrils, connective tissue 
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shrinkage and an interaction between myofibrillar and connective tissue shrinkage, respectively. 

However, the role of collagen shrinkage in the shrinkage of whole meat and cooking losses above 

65°C was questioned and it was postulated that actin was the driver of longitudinal shrinkage of 

both fibre fragments and in whole meat (Purslow et al., 2016).  

2.3.2. Other structural changes 

Histological and microscopy examinations, during heating and of a heated muscle, with either 

light (Leander et al., 1980; Schmidt & Parrish Jr, 1971), light with phase- contrast (Schmidt & 

Parrish Jr, 1971), scanning electron (Cheng & Parrish, 1976; Jones et al., 1977; Leander et al., 

1980; Schmidt & Parrish Jr, 1971), transmission electron (Leander et al., 1980) and more recently 

confocal laser scanning microscopes (Purslow et al., 2016) (Straadt et al., 2007) have all provided 

valuable information on the changes that occur at the level of the muscle fibre, the myofibrils 

and their constituent sarcomeres. During heating when the muscle fibres shrink due to protein 

denaturation, gaps have been observed between; (i) the fibres in bovine and porcine longissimus 

thoracis et lumborum (Cheng & Parrish, 1976; Straadt et al., 2007), (ii) the fibres and the 

endomysium in bovine semitendinosus (Palka & Daun, 1999) and, (iii) between the myofibrils in 

bovine longissimus thoracis et lumborum (Cheng & Parrish, 1976). The gaps between myofibrils 

contain the intramyofibrillar water expelled due to the shrinkage of the myofibril, as illustrated 

in a parallel confocal microscopy and NMR study of porcine longissimus thoracis (Straadt et al., 

2007). The formation of the gaps has been noticed already at 50°C in bovine semitendinosus 

(Jones et al., 1977). The A- band undergoes coagulation, hardening and shrinkage, while the I-

band disintegrates in heated bovine semitendinosus and longissimus muscles at temperatures 

as low as 60°C (Jones et al., 1977; Schmidt & Parrish Jr, 1971) or 63°C (Leander et al., 1980). 

More severe disruptions of the A- band occur at 73°C (Leander et al., 1980). The most apparent 

changes in the I- band of bovine semitendinosus and longissimus muscles were reported to occur 

at 68°C when the I- band started to shorten (Leander et al., 1980). The sarcolemma appeared 

granular at 60°C in bovine semitendinosus (Jones et al., 1977). Z- disks tend to remain in place 

even at 90°C in bovine semitendinosus (Jones et al., 1977), but their integrity is affected by 

heating and is evident as fractures and fragmentations of the sarcomere in bovine longissimus 

thoracis et lumborum and semitendinosus (Cheng & Parrish, 1976; Jones et al., 1977; Schmidt & 

Parrish Jr, 1971). Cheng and Parrish (1976) observed that thermal shrinkage occurs in both the 

A- and I-band in contrast to the shrinkage that occurs during rigor, which mostly occurs at the I- 

band in bovine longissimus thoracis et lumborum. However, they found more shortening at the 

I-band than in the A-band in bovine psoas major at 70°C (Cheng and Parrish, 1976). For 

connective tissue, collagen fibres disintegrate at 70°C in bovine longissimus thoracis et 
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lumborum, but the change in the endomysium has been described either as swelling and 

crimping (Cheng & Parrish, 1976), or as shrinkage (Schmidt & Parrish Jr, 1971). In bovine 

semitendinosus and longissimus thoracis et lumborum, sarcomeres retained their banding 

pattern when cooked at temperatures as high as 80°C (Schmidt & Parrish Jr, 1971), the z-lines 

were still visible at 90°C (Jones et al., 1977) and could also still be identified at temperatures as 

high as 121°C (Palka & Daun, 1999)  

2.3.3. Contribution of structural changes to changes in quality with cooking 

The dimensional and morphological changes during cooking are expected to affect the juiciness 

and the texture of the cooked meat. Using single fibres from bovine longissimus thoracis et 

lumborum, Hostetler and Landmann (1968) hypothesized a relationship between the transverse 

shrinkage of meat with the loss of WHC in the early stages of heat denaturation of proteins, and 

of the longitudinal shrinkage with the changes in volume and tenderness. The outcome of 

transverse and longitudinal shrinkage on meat WHC and texture can be hypothesized to be 

based on the established relationship between fibre dimensions and meat quality. For instance, 

panel tenderness and low WBSF were found to be associated with greater sarcomere length 

(Herring et al., 1965; Lewis, 1977), but negatively correlated with the fibre diameter (Herring et 

al., 1965; Hiner et al., 1953; Lewis, 1977).  In an early study of four bovine muscles, Brady (1937) 

found a positive correlation between fibre diameter and mechanical shear in aged, cooked meat, 

a high negative correlation between number of fibres in a bundle of aged meat and WBSF, and 

a positive correlation between the number of fibres in a bundle and the texture score.  However, 

Ozawa et al. (2000) did not find any significant correlations between fibre diameter, WBSF and 

cooking loss in bovine longissimus thoracis. Jones at al. (1977) postulated that the coagulation 

of the A- band in bovine semitendinosus results in actomyosin toughness at temperatures above 

60°C. 

2.4. Protein changes during meat cooking 

2.4.1. State of proteins before cooking 

A variety of genetic and environmental factors pre- mortem and post-mortem influence meat 

quality prior to cooking (Warner et al., 2010). Post- mortem, the skeletal muscle undergoes a 

biochemical conversion into meat. It has been well established that the aging of meat 

contributes to meat tenderization through the process of proteolytic degradation. Therefore, 

the state of the meat proteins varies depending on the degree of ageing related proteolysis post-

mortem. Proteolysis of myofibrillar proteins is considered essential for tenderization of meat 

during aging. The critical role of the calpain- calpastatin enzyme system, as well as the changes 
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in muscle proteins during ageing, have been reviewed by Huff Lonergan et al. (2010) and 

Koohmaraie and Geesink (2006). While there is consensus that the calpain system is responsible 

for the proteolytic changes in meat early post- mortem, the role of cathepsins, particularly with 

longer ageing periods, shall not be underestimated despite the controversy in the meat science 

field (Sentandreu et al. 2002). In their review, Sentandreu et al. (2002) present an overview of 

the evidence that cathepsins can get released from the lysosome organelles in the muscle cell 

during ageing and exert their activity on meat proteins. The proteolytic degradation of muscle 

proteins also has an effect on the ability of raw meat to retain water immobilized within a 

structure of a muscle (Huff-Lonergan & Lonergan, 2005). Myofibrillar proteins are the main 

substrates of the calpain and cathepsins enzyme systems, but the effects on the different 

proteins are not uniform. In the section 2.4.4., the effect of ageing and heating on individual 

meat proteins will be reviewed. 

2.4.2. Protein denaturation and aggregation 

To understand the changes in meat proteins during cooking, methods such as DSC (Findlay et 

al., 1986), Raman spectroscopy (Berhe et al., 2014), Fourier Transform Infrared spectroscopy 

(FTIR) (Astruc et al., 2012) and measurement of surface hydrophobicity (Santé Lhoutellier et al., 

2008) have been used. Table 2.2 presents an overview of selected DSC studies on meat. With 

the DSC method, protein denaturation of whole bovine, porcine or lamb muscles is recorded 

over three main peaks in bovine, porcine or lamb muscles; the first between 51 and 58°C, the 

second between 62 and 68°C, and a third between 74 and 83°C (Berhe et al., 2014; Bertram, 

Wu, et al., 2006; Findlay & Stanley, 1984; Xiong et al., 1987; Zielbauer et al., 2015). The first 

denaturation peak is normally assigned to the denaturation of myosin, the second to 

sarcoplasmic proteins and/or collagen and the third to actin (Berhe et al., 2014; Bertram et al., 

2006; Findlay & Stanley, 1984; Xiong et al., 1987). The assignation of peaks to individual proteins 

has been based on: (i) the comparison of the thermogram of the whole muscle and the 

thermograms of the individual myofibrillar proteins which was demonstrated in rabbit muscle 

(Wright et al., 1977), (ii) the thermograms of the myofibrillar proteins from rabbit, carp and 

scallop muscles (Akahane et al., 1985), or (iii) the thermograms of bovine muscle after extraction 

of some of its components (Stabursvik & Martens, 1980). According to Zielbauer et al. (2015), 

the assignment of peaks to individual proteins is difficult because of the effect of the interaction 

between myosin and actin on the denaturation temperature of the other proteins, as well as the 

dependence of the transition profile of myosin sub-fragments on environmental factors such as 

pH, ionic strength, etc. The structure of meat proteins determines the temperature at which 

they denature as well as their changes in conformation during the denaturation process. For 
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proteins with multiple domains, each domain can have a different thermal stability, an therefore 

multi-domain proteins exhibit multiple transition steps in their denaturation profile, in 

comparison with globular proteins whose transition to denatured form is a single unfolding of 

the molecule (two-state transition model) (Damodaran et al., 2007). Raman spectroscopy and 

microspectroscopy are also used to observe the changes in the secondary structure of the 

proteins but a direct relationship to the proteins of interest can be difficult to establish. An 

exception is the study of Berhe at al. (2014) on porcine longissimus thoracis who combined a 

DSC study with Raman spectroscopy and related myosin denaturation at 53.4°C to the higher 

background intensity of the Raman spectra at 54°C, 56°C and 58°C and to the higher intensity 

peaks of tryptophan and tyrosine at 54°C and 56°C, respectively. Increased temperature during 

heating is demonstrated to affect the Amide I, Amide III and the S-S stretch segments of the 

Raman spectra (Berhe et al., 2014) which are indicators of the secondary structure and micro-

environment of the proteins. Various heating parameters have been analysed for their effect on 

the secondary structures of proteins including  cooking temperature (Astruc et al., 2012; 

Bertram et al., 2006; Böcker et al., 2007; Kirschner et al., 2004; Motoyama et al., 2018; Supaphon 

et al., 2018), cooking time (Supaphon et al., 2018), heating rate (Wu et al., 2007) and method of 

cooking (Mitra et al., 2017). Using FTIR spectroscopy, the most commonly reported changes in 

the protein secondary structure during heating of meat are a decrease in α-helix and an increase 

in aggregated β-sheet (Astruc et al., 2012; Kirschner et al., 2004). Denatured proteins are prone 

to aggregation and formation of non-polar interactions (Yu et al., 2017). Mass spectrometry 

studies have shown aggregation of actin, MyHC and sarcoplasmic proteins with roasting (Yu et 

al., 2016), and aggregation of glyceraldehyde-3-phosphate dehydrogenase and truncation of α-

actinin-2 with boiling of ovine meat (Yu et al., 2015). 

Decreased amount of α-helix structures, increased (aggregated) β-sheet structures and 

exposure of hydrophobic amino acids have been related to increased toughness in both beef 

(Beattie et al., 2004) and lamb (Schmidt et al., 2013), as well as to increased cooking loss in 

porcine longissimus thoracis et lumborum (Beattie et al., 2008). Conversely, in a study of the 

beef silverside (semitendinosus), a correlation between decreased α-helix and increased β- 

sheet with increased juiciness was found (Beattie et al., 2004). A peak assigned to tyrosine has 

been identified as a good predictor of tenderness in lamb muscle (Fowler et al., 2014; Fowler et 

al., 2015) and it has been reported to result from actin proteolysis during aging (Beattie et al., 

2008). Finally, protein conformational changes influence not only meat quality, but also protein 

digestibility in the human gut. Increased protein aggregation in cooked bovine rectus abdominis 
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has been demonstrated to lead to decreased protein digestibility by pepsin (Santé Lhoutellier et 

al., 2008). 

2.4.3. Protein degradation 

It is well known that proteolytic degradation during aging contributes to the tenderness of meat. 

However, limited studies have investigated the potential degradation of proteins during cooking 

and the studies available have used methods such as Sodium Dodecyl Sulfate- Polyacrylamide 

Gel Electrophoresis (SDS-PAGE) and mass-spectrometry. The study of Bauchart et al. (2006) 

compared raw and aged meat cooked at 75°C for 90 minutes and observed two faint bands 

appearing at 92 kDa and 72.9 kDa in cooked meat, and a band at 39 kDa which disappeared 

between raw and cooked meat, on the SDS-PAGE profile of whole meat proteins. The SDS- PAGE 

profile of porcine longissimus dorsi muscle, cooked at 50°C, 60°C, 80°C and 100°C, showed 

degradation of both myofibrillar and sarcoplasmic proteins between raw and cooked samples 

(Huang et al., 2011). For sarcoplasmic proteins, protein bands with a molecular weight of ca 100 

kDa disappeared at 50°C relative to raw, the content of proteins with a molecular weight of 43-

44 kDa decreased, while at 60°C protein band around 34 kDa became more pronounced (Huang 

et al., 2011). All sarcoplasmic proteins appeared very faint on the gel when the temperature was 

increased to 80°C compared to raw muscle (Huang et al., 2011). Conversely, myofibrillar proteins 

were found to remain undegraded during cooking between 50°C-100°C in a study on chicken 

pectoralis muscle, but increased degradation was observed in small molecular weight proteins 

in the cooking loss, with each 10°C increase in temperature (Wattanachant et al., 2005). A study 

of ground chicken meat patties, showed large differences in the electrophoretic patterns 

between meat cooked at 40°C, 50°C, 60°C, 70°C and 80°C (Murphy & Marks, 2000). Degradation 

of collagen in bovine pectoralis profundus cooked at 75°C for 30 minutes, compared to raw meat, 

has also been reported (Bauchart et al., 2006).  
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Table 2. 2 Transition temperature of major meat proteins reported in the literature. l -longissimus, SL- sarcomere length. 

 

Reference Species Structural 
level 

Muscle Heating 
rate 
(°C/min) 

Transition temperature of denaturation (°C) Another 
important 
characteristic 

Myosin Sarcoplasmic 
proteins 

Connective 
tissue  

Actomyosin Actin 

Wright et al., (1977) rabbit meat leg 10 60.0 67.0   80.0  

myosin  42.9; 49.4; 60.4      

myofibrils  55.0    83.5  

Stabursvik and Martens 
(1980) 

beef meat semimembranosus 10 Between 50.0° and 70.0°C 66.0  77.0   

Wright and Wilding (1984) rabbit isolated 
proteins 

leg muscle 10 38.9; 43.9; 49.9    

Findlay and Stanley (1984) beef meat sternomandibularis 10 57.0 66.1 82.4 SL 1.4 

meat sternomandibularis 57.4 66.2 82.2 SL 1.7 

meat sternomandibularis 56.6 66.5 82.8 SL 1.9 

meat sternomandibularis 55.5 66.1 82.9 SL 2.1 

meat sternomandibularis 55.6 66.6 82.9 SL 2.4 

Akahane et al., (1985) rabbit myosin skeletal 10 62.0 
    

 

LMM 60.0 
    

 

actin 
    

82.0  

actomyosin 
   

49; 62 
 

 

Findlay et al., (1986) beef meat l. thoracis et lumborum 10 55.5 66.8 80.9  

semimembranosus 55.8 66.6 82.5  

Xiong et al., (1987) lamb meat l. thoracis et lumborum 10 58.1 67.0  67.0 79.2  

pork meat l. thoracis et lumborum 56.5 65.8  65.8 79.4  

beef meat l. thoracis et lumborum 57.2 66.4  66.4 79.4  

lamb myofibrils l. thoracis et lumborum 60.3    68.3  

pork myofibrils l. thoracis et lumborum 58.5    69.0  

beef myofibrils l. thoracis et lumborum 60.0    70.1  

Vega-Warner and Smith, 
(2001) 

beef myosin semimembranosus 1 43.0; 62.0 
    

pH 5.5 

46.0; 58.0 
    

pH 6.05 

vastus intermedius 42.0; 59.0 
    

pH 5.5 

44.0; 53.0; 57.0 
    

pH 6.05 

Bertram et al., (2006) pork meat l. thoracis et lumborum 1 54.0 65.0  77.0   

Ishiwatari et al., (2013) beef meat round 10 56.3    73.2  

Berhe et al., (2014) pork whole meat l. thoracis 2 53.4 61.6  61.6 76.1  

Zielbauer et al., (2015) pork meat psoas major 1 51.4 59.7 or 68.0 59.7 or 68.0 
 

74.2  

centrifugal 
loss 

psoas major 
 

53.0; 62.9; 68.2 
   

 

connective 
tissue 

psoas major 1 
  

64.8 
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2.4.4. Denaturation and degradation of individual proteins and their contribution to 

meat quality 

As discussed above, in order to understand protein changes during cooking, their condition 

before cooking in terms of potential ageing related degradation, needs to be taken into 

consideration. Focusing on individual meat proteins, the degradation occurring during post- 

mortem storage is not universal for all proteins; cytoskeletal proteins undergo variable rates and 

degrees of degradation (Morrison et al., 1998). During cooking, different amount of heating 

energy is needed to denature different proteins, as examined in DSC studies.   

Minor degradation of myosin is reported to occur during aging of beef and pork (Lametsch et 

al., 2002; Wu et al., 2014), which is evident as higher separation of the myosin light chain from 

the myosin molecule and as degradation in the globular head domain of myosin in bovine and 

porcine longissimus thoracis et lumborum muscle respectively (Anderson et al., 2012; Lametsch 

et al., 2002) and these changes in myosin might be an indicator of tenderness (Anderson et al., 

2012; Wu et al., 2014). In addition, Huff Lonergan et al. (2010) proposed that oxidation mediated 

cross- links between myosin and titin could form during ageing and potentially increase meat 

toughness. Studies of post-mortem ageing in conditions of elevated temperature including 

studies on PSE meat, have shown an increase in a 125kDa protein, which is a degradation 

product of myosin in bovine semitendinosus collected pre- rigor and incubated for 72 hours 

(Bandman & Zdanis, 1988), and cleavage of the S1 portion of myosin in porcine longissimus 

thoracis et lumborum (Liu et al., 2014). During cooking, myosin denaturation occurs over 

multiple steps, since it is a molecule composed of three main domains, head, hinge and helical 

tail (Figure 2.2), each with different thermal stability, and the denaturation temperature of each 

domain depends on the pH and the ionic strength of the muscle (Wright & Wilding, 1984). Bovine 

semimembranosus, semitendinosus and psoas major showed at least two denaturation peaks 

resulting from myosin, one in the range 40°C-51.4°C and another in the range 50°C-60°C, that 

were assumed to be due to HMM (the head) and LMM (the tail) respectively (Martens et al., 

1982; Zielbauer et al., 2015). Degradation of myosin heavy chain (MyHC) occurs during cooking 

of porcine longissimus thoracis et lumborum at 100°C (Huang et al., 2011), although other 

studies have found no changes in the myosin molecule with heating at 55°C in ovine 

semimembranosus (King et al., 1981). As discussed above, myosin denaturation has been 

implicated as the main reason for transverse shrinkage (Purslow et al., 2016), as well as the 

reason for toughening in meat at 40°C-60°C (Martens et al., 1982). 

Actin has very low susceptibility to the proteolytic action of µ- calpain, hence minor degradation 

of actin can occur during aging (Lametsch et al., 2004). Similar to myosin, SDS-PAGE studies have 
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shown no degradation of actin during cooking of ovine semimembranosus at temperature of 

55°C (King et al., 1981), or little change in the actin band in porcine longissimus thoracis et 

lumborum cooked at 50°C, 60°C, 80°C and 100°C (Huang et al., 2011). As discussed above, actin 

denaturation has been implicated as a cause of toughening and cooking loss in bovine 

semimembranosus, semitendinosus and psoas major. Two possible mechanisms of juice 

expulsion driven by actin denaturation have been proposed; i) reduction of the WHC of the gel-

like structure of the myofibril or, ii) formation of new cross-links that lead to a contraction of the 

myofibril (Martens et al., 1982).  

Intact titin (T1) degrades extensively during aging into two components, T1-2 and T-2, as shown 

in bovine longissimus thoracis et lumborum, (Fritz et al., 1993; Huff-Lonergan et al., 1995) and is 

completely converted to T2 by 7 days post-mortem at various pHs of 5.4- 6.5 (Wu et al., 2014). 

Titin has been also reported to degrade during cooking of ovine semimembranosus at 55°C (King 

et al., 1981), porcine longissimus dorsi muscle cooked beyond 60°C (Huang et al., 2011) and 

ovine semimembranosus at 60°C (Macfarlane et al., 1986), although earlier studies reported that 

titin is not degraded during cooking of bovine sternomandibularis (Locker et al., 1977). Another 

study, where meat was heated at 60 °C for 1 h, showed that the titin band had a reduced width 

and there was an increased intensity of a smear between titin and MyHC (Macfarlane et al., 

1986). Titin has been considered as the main component of the tensile strength of both raw and 

cooked bovine sternomandibularis (Locker et al., 1977). Fritz et al. (1993) concluded that the 

content of intact titin was not decisive for meat toughness. Most authors have related titin 

degradation during aging with improved tenderness (Huff-Lonergan et al., 2010; Lusby et al., 

1983), while others argued against such a relationship (King, 1984). During cooking, the whole 

titin molecule (Pospiech et al., 2002), or the high molecular weight degradation products of titin 

(Locker, 1984), have been assumed to contribute to meat toughness.  

It is well known that desmin is sensitive to proteolytic degradation during aging and desmin 

proteolysis has been associated with reduced drip loss (Pearce et al., 2011), and improved 

tenderness and juiciness in aged porcine (Morrison et al., 1998) and ovine (Martin et al., 2006) 

longissimus thoracis et lumborum. However, Rhee et al. (2004) found no correlation between 

WBSF and desmin proteolysis when data from eleven bovine muscles was combined. In addition, 

Huff Lonergan et al. (2010), in their review, came to the conclusion that desmin degradation is 

associated with muscles with low WBSF. Finally, in a study of porcine longissimus thoracis et 

lumborum, Ertbjerg et al.(2012) showed that desmin might also be degraded during cooking and 

it appeared that calpains rather than cathepsins were involved in the process. 
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Other proteins that are known to degrade in post-mortem muscle are the contractile protein 

troponin T and the cytoskeletal proteins nebulin, filamin, vinculin and talin. Troponin T degrades 

to a 30 kDa band during aging and this band has been considered an indicator of tenderization 

(Olson & Parrish, 1977). In bovine longissimus thoracis et lumborum aged for 7 days, nebulin 

was also completely degraded  (Wu et al., 2014). Rapid nebulin degradation was observed in 

samples from tender bovine longissimus thoracis et lumborum muscle (Huff-Lonergan et al., 

1995). Additionally, nebulin was also degraded during ageing and cooking of bovine longissimus 

thoracis et lumborum (Fritz et al., 1993). With cooking of porcine longissimus dorsi, nebulin was 

slightly degraded at 80°C and completely disappeared at 100°C (Huang et al., 2011). Filamin and 

talin are also shown to be degraded during ageing of beef and pork (Kristensen & Purslow, 2001; 

Wu et al., 2014), but their fate during cooking and contribution to meat quality is unknown.  
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2.5. Fibre type as a structural determinant of the quality of cooked meat 

Several categorizations distinguish three to four fibre types in skeletal muscle according to their 

contractile, biochemical and morphological characteristics. Table 2.3 presents an overview of 

three most commonly used fibre type classification systems and few selected characteristics. In 

general, type I fibres have slower contraction speed, oxidative metabolism, lower ATPase 

activity, redder colour due to more myoglobin, more intramuscular fat and smaller fibres, in 

contrast to type II fibres that have faster contraction speed, glycolytic metabolism and higher 

glycogen content, higher ATPase activity, paler colour, less intramuscular fat and fibres with 

higher diameter. 

Table 2. 3 Three fibre type classification systems and the characteristic of each fibre type, adapted from (Astruc & 

Venien, 2017) with permission 

Peter et al.(1972) 
Slow oxidative 

Fast oxidative 
glycolytic 

Fast glycolytic 

Ashmore and Doerr 
(1971) 

β-red α-red α-white 

Brooke and Kaiser (1970) I IIA IIX IIB 

Contraction speed Slow Fast Fast Fast 

Glycogen metabolism Oxidative Oxidative/glycolytic Glycolytic Glycolytic 

ATPase activity  +  ++  ++++  +++++ 

Red colour +++++ +++ ++ + 

Lipid droplets ++++ ++ + + 

Cross-sectional area  +  ++ ++++   +++++ 

 

The correlation between fibre types, and WHC and tenderness of meat, has been explored 

mostly in raw meat. Studies in bovine longissimus, psoas major and semitendinosus have shown 

a negative correlation between WBSF and the number of type I fibres (Hwang et al., 2010; 

Wegner et al., 2000), and a positive correlation between WBSF and the number of type IIA and 

IIB fibres (Hwang et al., 2010) (Table 2.4). However, a positive correlation between WBSF and 

type I fibres has also been reported in porcine and bovine longissimus thoracis et lumborum 

(Karlsson et al., 1993; Seideman et al., 1987) (Table 2.4). Finally, there are also studies that have 

not found any correlation between fibre type and WBSF, for example in beef and sheep (Chriki 

et al., 2013; Sazili et al., 2005) (Table 2.4). In relation to WHC, studies have found a positive 

correlation between drip loss and presence of fibres of glycolytic fibre type IIB in porcine 

longissimus thoracis et lumborum, semimembranosus and psoas major (Chang et al., 2003; Gil 

et al., 2 008; Ryu & Kim, 2005). The effect of fibre type on cooking loss has rarely been 

investigated and higher cooking loss was found in IIB fibres in porcine longissimus thoracis which 

had greater diameter (Kim et al., 2013).
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Table 2. 4 Overview of the correlation between fibre type of meat and the Warner Bratzler shear force (WBSF) or sensory tenderness of meat in meat science studies. The categorization of the fibre types was 

converted to that used by Brooke and Keiser (1970), using the following correspondence between fibre types: slow oxidative=βR=I; fast oxidative glycolytic=αR=IIA, fast glycolytic=αW=IIX or IIB, based on the 

classifications by Peter at al. (1972), Ashmoore and Doerr (1971) Brooke and Kaiser (1970), respectively. 

Author Species Muscle Measure of fibre type Tenderness 
measurement 

Correlation with tenderness 

Fibre type I1 Fibre type IIA1 Fibre type IIX/IIB1 

Calkins et al. (1981) Beef longissimus dorsi % área of fibres of the fibre type WBSF 
 

 - 
 

Seideman et al. (1987) Beef longissimus dorsi % number of fibres of the fibre type WBSF + 
  

Karlsson et al. (1993) Pork longissimus % number of fibres of the fibre type WBSF +   - 

Geesink et al. (1995) Beef longissimus dorsi Area of fibres of the fibre type ↓WBSF with ageing -     

Wegner et al. (2000) Beef semitendinosus % number of fibres of the fibre type WBSF - ns ns 

Renand et al. (2001) Beef longissimus thoracis Proportion of MyHC-I isoform Mechanical strength 
(compression) 

+     

Sazili et al. (2005) Sheep longissimus, tensor fasciae latae, 
semitendinosus, trapezius, supraspinatus 

% number of fibres of the fibre type WBSF ns ns ns 

Hwang et al. (2010) Beef longissimus, psoas major and 
semitendinosus 

% number of fibres of the fibre type WBSF - ns + 

Hwang et al. (2010) Beef longissimus, psoas major and 
semitendinosus 

Area of fibres of the fibre type WBSF - + + 

Chriki et al. (2013) Beef semitendinosus % number of fibres of the fibre type WBSF ns ns ns 

Gagaoua et al. (2017) Beef longissimus thoracis % isoform presence (electrophoresis) Sensory score + ns ns 

Calkins et al. (1981) Beef longissimus dorsi % number of fibres of the fibre type Sensory score 
  

- 

Beef longissimus dorsi % área of fibres of the fibre type Sensory score  +  

Seideman (1986) Beef longissimus dorsi % cross sectional area of fibres of the fibre type/% 
área of fibres of the fibre type 

Sensory score ns - ns 

Henckel et al. (1997) Pork longissimus dorsi % number of fibres of the fibre type/Area taken by 
fibre type 

Sensory score ns - ns 

Henckel et al. (1997) Pork longissimus dorsi % number of fibres of the fibre type WBSF ns ns ns 

Henckel et al. (1997) Pork longissimus dorsi Area taken by fibre type WBSF ns ns ns 

Maltin et al. (1998) Beef longissumus lumborum % number of fibres of the fibre type Sensory score +   - 

Chriki et al. (2012) Beef semitendinosus, semimembranosus, 
rectus abdominis, triceps brachii, 
longissimus thoracis 

% number of fibres of the fibre type Sensory score + - ns 

Gagaoua et al. (2019) Beef longissimus thoracis Frequency of myosin isoform (electrophoresis) Sensory score - - + 

Hamill et al. (2012) Pork longissimus thoracis and lumborum Gene expression/up-regulation of fibre type 
associated genes 

WBSF     + 

Seideman et al. (1987)2 Beef longissimus dorsi Cross sectional area of fibres of the fibre type WBSF + + + 

Seideman et al. (1987)2 Beef longissimus dorsi Cross sectional area of fibres of the fibre type Sensory score -   - 

Maltin et al. (1997)2 Pork longissimus Fibre diameter of a fibre type WBSF   +   

Hwang et al. (2010)2 Beef longissimus, psoas major and 
semitendinosus 

Fibre diameter of a fibre type WBSF ns ns ns 

 
1  + indicates positive correlation, – indicates negative correlation, ns indicates the correlation was not significant (p>0.05) 
2 Association is established between fibre size and tenderness 
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Structural changes in muscle and muscle fibres, quantified as shrinkage, has not been explored 

in relation to fibre type. However, a different extent of shrinkage with heating at 40°C in 

individual muscle fibres on the same section in both bovine psoas major and sternomandibularis 

(Offer and Trinick, 1983) has been reported. Additionally, Astruc et al. (2010) observed that on 

an electron microscopy image of a muscle section of bovine rectus abdominis, muscle fibres 

adjacent to each other can respond quite differently to heating at 100°C in terms of their size, 

intracellular myofibril appearance, and shrinkage from the extracellular matrix (Figure 2.5). The 

authors of both studies have hypothesized that fibre type might be the reason behind these 

differences, but since the fibres were not identified for their fibre type, this has yet not been 

investigated or confirmed. 

 

Figure 2. 5 Structural changes in neighbouring muscle fibres on cryosections from bovine rectus abdominis cooked 

at 100°C and observed by electron microscopy. From Astruc et al. (2010) with permission. 

The proteins in different muscle fibres types are likely to undergo different ageing-related 

degradation and cooking-induced denaturation (Muroya et al., 2010). An immunolabelling study 

of desmin in different portions of unaged and aged porcine longissimus thoracis et lumborum 

showed that aging led to degradation of desmin and loss of immunopositivity for fibre types IIA 

and IIB and no degradation in type I fibres (Morrison et al., 1998). Myosin isolated from a bovine 

white muscle (semimembranosus) denatured to a higher extent with heating, compared to 

myosin isolated from a bovine red muscle (vastus intermedius) when compared at their ultimate 

pH, but an opposite trend was observed when the denaturation of the myosin types was 

compared at the same pH (Vega-Warner & Smith, 2001). Even more, it has been established that 

myosin from the same fibre type in distinct species has more similarities in the denaturation 

profile than myosins from red and white muscles in the same species (Stabursvik & Martens, 

1980). Astruc et al. (2012) used synchrotron FTIR microspectroscopy to investigate whether 

protein denaturation occurred to a different extent in fibres of different sub-types.  While they 

found no major differences between fibre types, they did find that type I fibres had the lowest 

amount of aggregated β-sheet at 40°C and the greatest amount of these structures at 70°C 

(Astruc et al., 2012). 
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2.6. Knowledge gaps  

A large amount of research has been undertaken on raw meat, while cooked meat has received 

less attention. Understanding of the underlying biochemical mechanisms of water loss during 

post- mortem storage, known as drip loss, and tenderization, is mostly obtained in raw meat, 

while the cooking- induced changes are described mainly as denaturation of meat proteins. 

Measurements of WBSF and cooking loss are done on cooked meat while most of the 

biochemical assays are performed on raw meat. Meat is a complex food material and therefore 

it is important to emphasize that simple empirical tests on whole meat do not provide clear 

evidence of the structural basis of the development of toughness (Mutungi et al., 1995) and 

water-holding of meat during cooking. Better understanding of the determinants of the eating 

quality of cooked meat is deemed necessary.  

2.6.1. Changes of meat quality during cooking 

Drip loss and WHC have been extensively investigated in raw meat, but it is known that samples 

of meat with different WHC can have a similar cooking loss (Warner et al., 1997). Therefore, the 

WHC of raw meat and the cooking loss are not always correlated and should not be used as a 

substitute for each other (Trout, 1988). Also, it has been found that drip loss is not always 

significantly related to sensory tenderness scores (Perry et al., 2001). Considering that meat is 

generally eaten after cooking, emphasis should be placed on cooking loss and the relationship 

with protein denaturation. Considering that cooking loss increases linearly with an increase in 

temperature, and many of the changes of proteins described above occur as separate 

denaturation events (peaks), it is important to investigate the structural determinants of the 

cooking loss. 

Inconsistent trends in the changes in WBSF as a function of temperature have been reported. 

While some studies show a clear decrease of WBSF with cooking at 60°C, for example in bovine 

semitendinosus muscle (Christensen et al., 2000), other studies show no change or even a slight 

increase in the WBSF of muscles such as bovine sternomandibularis (Davey & Gilbert, 1974) and 

porcine longissimus dorsi (Huang et al., 2011). The factors driving these differences between 

muscle types in their texture changes in response to heating have not been determined.  

2.6.2. Structural changes of meat during cooking 

Shrinkage is a phenomenon occurring in meat during cooking and the mechanism is not fully 

understood. In raw meat, tenderness of bovine muscles is traditionally thought to be negatively 

correlated to fibre diameter and positively correlated with sarcomere length (Herring et al., 

1965), but the relationships in cooked meat have not been clearly established. The shrinkage 



24 
 

occurring during cooking has been regarded as a phenomenon that drives cooking loss (Davey 

& Gilbert, 1974), but its mechanism is not fully established. Barbera et al. (2006) discussed the 

possibility of having a similar cooking loss in meat from different species while having different 

levels of shrinkage. In previous studies of muscle shrinkage during heating, buffers with high 

ionic strength (Hostetler & Landmann, 1968), application of tension (Bendall & Restall, 1983) 

and chemical pre- treatment (Palka & Daun, 1999) have resulted in differences in the estimated 

shrinkage compared to native conditions. Therefore it is important to measure shrinkage in 

cooked meat in conditions commonly used during cooking, or in buffers that will be isotonic for 

the muscle cell (Huang et al., 2009; Purslow et al., 2016). 

2.6.3. Protein denaturation in meat during cooking 

In terms of protein denaturation, DSC studies have relied on earlier studies for assignation of 

peaks to different proteins. Differences in the endothermic profile have been seen when 

different cooking conditions, species and muscles have been investigated. Changes in quality 

and structural changes during cooking of meat have been related to protein denaturation 

(Martens et al., 1982; Purslow et al., 2016; Tornberg, 2005), but a direct link between changes 

in quality and thermal muscle protein denaturation has not been established. Additionally, in 

the investigation of the underlying mechanism of the quality and structural changes during 

cooking, it is important that the heating conditions of both the cooking process and the 

denaturation tests (DSC) are comparable. This is related to the fact that differences in the 

cooking conditions can lead to a different denaturation pattern of proteins (Zielbauer et al., 

2015). 

2.7. Research approach 

A structural approach in meat science is known to enable identification of the key structures 

that determine the sensory properties of meat (Offer et al., 1989). Such an approach was chosen 

for the research in this thesis, to identify the structural determinants of the quality of cooked 

meat. This research focusses on meat from two species, beef and pork, due to their importance 

in the human diet and to the meat industry. The selection of muscles for this research was based 

on various reasons. In pork, the loin muscle, longissimus lumborum, was chosen as the 

commercially most important pork muscle. For intermuscular comparisons and identifying 

structural determinants of the quality of beef, three bovine muscles with different composition 

and quality were chosen: semitendinosus, biceps femoris and psoas major. Semitendinosus is a 

muscle that scores low for juiciness and has a medium tenderness (Rhee et al., 2004). 

Conversely, biceps femoris was selected for being juiciest, but at the same time was identified 
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as the least tender muscle amongst 11 muscles in the study of Rhee at al. (2004). Psoas major 

was selected as the most tender muscle in the bovine carcass (Keith et al., 1985; Rhee et al., 

2004). Additionally, psoas major muscles have muscle fibres which are compact, show high 

fragmentation during heating (Cheng & Parrish, 1976) and have long sarcomere lengths. These 

muscles have a range in sarcomere length, susceptibility to proteolysis, and varying collagen 

concentrations, all of which are expected to have important contributions to the quality of meat. 

Finally, in the examination of whether fibre type is a determinant of the eating quality of cooked 

meat, muscles with (almost) pure fibre type composition were chosen. Bovine masseter is 

known to be composed purely of type I fibres (Young et al., 1992), while bovine cutaneous trunci 

is predominately (>92 %) composed of type II fibres (Meyer & Egelandsdal, 1992).  

Cooking temperatures from 45°C-85°C were investigated across the different experiments in this 

thesis to cover; (i) the range of temperatures at which denaturation of major meat proteins 

occurs and (ii) the temperatures commonly used for cooking of meat. Different heating regimes 

were chosen based on the aims of each experiment.  

An ageing period of 14 days for beef was compared to no ageing, as the semitendinosus and 

psoas major are known to improve their tenderness over this period (Nair et al., 2019). In pork, 

conventional ageing of 3 days (Channon et al., 2016) was compared to extended ageing of 15 

days. Finally, enzyme inhibition approach was targeted towards cathepsins which are enzymes 

postulated to be released from the lysosomes during cooking, and may have a proteolytic action 

on meat proteins as these enzymes may remain active during cooking (Draper & Zeece, 1989; 

Zeece & Katoh, 1989). 

2.8. Research hypothesis, aim and research questions  

The aim of this research thesis was to identify structural determinants of the quality of cooked 

meat. The overall hypothesis of this thesis was that across meat from different species and 

muscles, there are shared structural determinants of the quality of cooked meat, including the 

fibre type, that are reflected in the changes in quality, structural and protein changes that occur 

during heating of meat and are influenced by the cooking temperature, ageing period and 

enzyme inhibition. Table 2.5. presents an overview of the hypotheses, research questions 

addressed in this thesis, and the respective chapters where each of the research questions is 

answered.
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Table 2. 5 Hypotheses, research questions and related chapters 

 

Hypotheses  Research questions Addressed in 
chapter  

Structural shrinkage in 
muscle blocks can be 
measured using laser 
scanning and can be 
used to predict physical 
changes and cook loss. 

How does a contemporary method, 3D laser scanning, perform in comparison to manual caliper 
measurements for the estimation of volume, structural changes -volume shrinkage, and in the 
prediction of the cooking loss of pork? 
 

Chapter 3 

Ageing, cooking 
temperature and muscle 
type influence the 
changes in quality and 
structural shrinkage in 
meat during cooking. 

How are structural shrinkage and change in quality (cooking loss and WBSF) affected by ageing 
and cooking temperature in pork? 

Chapter 4 

How are structural changes (shrinkage) and changes in quality (cooking loss and WBSF) affected by 
muscle type, ageing and cooking temperature in beef, and what structural elements determine 
these changes? 

Chapter 5 

Ageing, cooking 
temperature and 
enzyme inhibition 
influence the structural 
shrinkage of fibre 
fragments during 
cooking. 

How are the structural changes during heating of muscle fibres isolated from different muscles, 
affected by ageing, cooking temperature and proteases (cathepsin activity)? 

Chapter 6 

Muscle fibre type 
influences protein and 
structural changes 
during cooking and the 
meat quality. 
 

Do proteins in muscles of different fibre types differ in their thermal denaturation during cooking? Chapter 7 

Are the differences in the thermal denaturation between muscles of different fibre type reflected 
in the structural shrinkage and changes in quality of meat (cooking loss and WBSF) with cooking? 

Chapter 8 

Does fibre type, or ultimate pH, explain the differences in the thermal denaturation and shrinkage 
between masseter and cutaneous trunci muscles? 

Chapter 9 
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CHAPTER 3 

This chapter is a methodological study, that addresses the question how 3D laser scanning, 

performs in comparison to manual caliper measurements for the estimation of volume, 

structural changes -volume shrinkage on a whole meat level, and in the prediction of the cooking 

loss of pork.  

This manuscript is published in the journal Food and Bioprocess Technology (2020), 13(6), 938-

947. 
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Abstract 

Meat shrinks and assumes an irregular shape during heating due to the varying distribution of 

connective tissue and extracellular spaces. The terrestrial 3D laser scanning technology is 

proposed as an alternate method to manual measurements to estimate the volume of 

irregularly shaped meat cuboids and to predict the cooking loss based on the heating induced 

volume shrinkage. Cuboids from aged pork loins (longissimus lumborum, n=12) were heated at 

50, 60, 70 or 80°C for 30 minutes. Two methods of 3D reconstruction and volume estimation of 

the pork cuboids by laser scanning were used; without a base scan (laser-B) and with inclusion 

of a base scan (laser+B), as well as two methods based on manual caliper measurements of all 

twelve edges (caliper-12) or of three edges in each direction (caliper-3). Both laser scanning 

methods (Laser+B and Laser-B) resulted in greater volume estimates for the raw samples than 

the caliper-12 and caliper-3 measurements (38.3, 39.4 compared to 33.9, 34.8 cm3 respectively). 

Cooking loss across the different temperatures could be best predicted by the caliper-based 

perimeter shrinkage (r=0.94, p<0.001), followed by the caliper-based volume shrinkage 

estimates (r=0.67 and 0.64 for caliper-12 and caliper-3 respectively, p<0.001), while volume 

shrinkage measured by laser scanning had low (laser-B, r = 0.35, p<0.05) or no correlation 

(laser+B, r=0.17 , p>0.05) with the cooking loss. 3D laser scanning technologies can be 

considered by the food industry for 3D reconstruction and volume estimation, however 

improvements are needed in the data processing to allow for better predictability of meat 

quality attributes.  

 

Keywords: pork; 3D laser scanning; cooking loss; volume; shrinkage 
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3.1. Introduction 

Shrinkage of pork during cooking is a criterion that consumers use in evaluating pork at the point 

of consumption, next to tenderness, juiciness, flavour and ease of preparation (O`Mahony & 

Cowan, 1991). Danish consumers consider “no shrinkage during cooking” as an indicator of good 

pork quality (Ngapo et al. 2004) and consumers in Belgium associate greater shrinkage during 

frying of meat with the presence of hormones (Verbeke et al. 2005). In a study of two-hundred 

Canadian consumers, Diamant at al. (1976) showed that consumers had a strong preference for 

choosing pork with “lack of shrinkage”. Hence meat shrinkage during cooking has been proposed 

as a parameter of meat quality (Barbera & Tassone 2006), but it is difficult to measure cooked 

meat dimensions due to multidimensional shrinkage resulting in surface irregularity and 

deformation (Zheng et al. 2007). When meat is cut into shapes with defined fibre orientation, 

meat shrinkage due to heating occurs in two stages, at temperatures between 40 and 60°C meat 

shrinks in a transverse direction, perpendicular to the muscle fibre direction, followed by 

shrinkage in the longitudinal direction of the muscle fibres at temperatures between 60 and 

80°C (Warner et al. 2017). Deformations occurring during heating are determined by the 

orientation of the muscle`s fibres in the cuboid, the presence and distribution of collagen cross-

links (Lepetit 2008) and, the presence and size of channels for expelling water in the connective 

tissue network (Kondjoyan et al. 2013). Therefore, estimation of heat-induced meat shrinkage 

needs to consider the irregular geometry of cooked meat (Li et al. 2019). The importance of 

changes in shape during food processing has been recognized for many foods.  Studies 

investigating the changes in shape during drying of fruit have considered the irregular 

deformational changes in shape. In the case of fruit, the water migrates from the inner cells to 

the outer surface (Márquez & De Michelis 2009), whereas in the case of muscle tissue, the water 

is squeezed out upon heating, as a result of protein denaturation and tissue shrinkage (Purslow 

et al, 2016).  In the modelling and simulation of fruit processing, the influence of geometry and 

deformation of shape during drying of fruit is included in the mathematical models (e.g. the use 

of the ‘Heywood’ factor which has been used to account for these changes) (Márquez & De 

Michelis 2009). 

In the case of meat, shrinkage with heating can be measured by capturing the changes in the 

longitudinal and transverse dimensions through measurements of the perimeter, surface area 

and the change in volume (Du & Sun 2005; Zheng et al. 2007; Moscetti et al. 2015) as well as 

changes in the diameter of individual muscle fibres in sections of cooked meat (Li et al. 2010). 

Three conventional groups of methods have been used for estimating volume shrinkage of meat 

with cooking: image analysis, caliper measurements and liquid displacement. While the 

displacement method is a genuine volume measurement method, image analysis captures an 
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image that will be used for meat sample reconstruction followed by volume calculation, while 

caliper measurements are used to calculate the volume reconstructing the shape of the meat 

assuming it is a regular shape. Clemente at al. (2009) compared measurements of pork shrinkage 

during drying using image analysis, caliper and oil displacement and proposed image analysis as 

a superior method in estimating shrinkage. However, the sample is treated as two dimensional 

with image analysis and might not capture the irregular changes in shape with cooking. 

Computer vision systems involving image analysis have also been used to reconstruct the shape 

of food before and after food processing (Agudelo-Laverde et al. 2014) and have been tested in 

various food processing settings. This method is a promising tool for simulating the processing 

and properties of cooked meat (Du et al. 2016). Manual measurements with calipers are 

laborious, costly and subjective (Du & Sun 2005). The water and oil displacement methods are 

the closest to what is considered ‘gold standard’ in terms of accuracy in volume estimation. Oil 

displacement appeared to be superior to caliper measurements in estimating volume shrinkage 

in pork (Clemente et al. 2009). However, with the displacement method there is a potential risk 

for contact between the fluid and the sample and this can influence the quality, volume and 

mass of the samples if they are needed for subsequent cooking and/or analysis.  

Recent innovations for measuring changes in food dimensions include novel non-contact 

methods such as 3D (3 dimensional) scanning, micro-computed tomography (Schoeman et al. 

2016), magnetic resonance imaging (Kirtil and Oztop 2016) and spectroscopic methods 

(Moscetti et al. 2015). Most of these novel methods provide information on the microstructure, 

while some also allow for chemical characterization.  3D laser scanning is potentially a promising 

method for reconstruction of the shape of raw and the cooked meat samples for the purpose of 

volume estimation and shrinkage calculation. 3D laser scanning has a two-fold benefit of being 

able to reconstruct irregularly shaped objects and also for being a contactless and non-

destructive method (Igathinathane et al. 2010). Other benefits of 3D laser scanning include the 

accurate representation of the object, the permanent storage of the data that can be used for 

various measurements, potential for automation of processing and the minimized human 

intervention required during data collection (Igathinathane et al. 2010).  Although 3D 

(terrestrial) laser scanning is mainly a large-scale technique widely applied in building surveying 

and geology, it has already found several applications in agriculture and food. A high agreement 

was found between conventional measures and 3D laser scanning data by following the growth 

of barley in laboratory conditions (Paulus et al. 2014) and growth of rice (Tilly et al. 2012), oat 

(Lumme et al. 2008) and canopy (Friedli et al. 2016) in the field. Uyar and Erdodgu (2009) 

demonstrated that 3D laser scanning is a promising tool for the food industry, not only for 

obtaining 3D digital images, but also for simulating food processing. An example of the 
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application of 3D laser scanning in food studies is the reconstruction of the morphology of the 

grape clusters (Tello et al. 2016) and an evaluation of shrinkage occurring during drying of yacon 

(a tuberous root) (Bernstein & Noreña 2014). In meat studies, 3D scanning has also been used 

for obtaining a 3D representation of a whole chicken carcase (Siripon et al. 2007).  

A known consequence of the shrinkage of meat during heating, and on a cellular level of the 

myofilament lattice, is the loss of water (cooking loss) (Offer & Trinick 1983). Changes in the 

water distribution in meat can only occur if the myofibrils change in volume (Tornberg 2005). 

The cooking loss together with the purge loss (water lost during ageing) affect the juiciness that 

consumers experience from the cooked meat (Aaslyng et al. 2003). It is well-established that 

consumers prefer juicy meat (Aaslyng et al. 2007; Bryhni et al. 2003; Sanders 2007). Thus, 

understanding the relationship between the meat shrinkage and the cooking loss is of significant 

interest to meat processors and scientists. 

Finally, fast, accurate and non-destructive methods to measure shrinkage as a result of 

processing are of value to food processors (Du et al. 2016). Considering that 3D scanning collects 

all surface information in its view and determines the special coordinate of each single point 

through that surface view, it should allow for a more precise volume and shrinkage estimates 

compared to images based on colour information and manually obtained dimensions without 

space orientation. To our knowledge, there is no published data to date on shrinkage 

measurement of cooked meat using point cloud analysis obtained by laser scanning. This study 

compared 3D laser scanning to conventional dimensional measurements to (i) compare the 

volume estimates using 3D laser scanning to caliper volume estimates; (ii) compare the volume 

shrinkage estimates using 3D laser scanning to caliper volume shrinkage estimates; and (iii) 

identify whether cooking loss can be predicted from the shrinkage estimates by either of the 

methods. 

3.2. Materials and methods 

Longissimus lumborum muscles (n=24) were obtained 1-day post-mortem from both sides of 12 

pig carcasses with an average hot carcass weight ± SD of 81.6 ± 2.7 kg. The muscles were vacuum 

packed using a Multivac C100 vacuum packer (Multivac Sepp Haggenmüller SE & Co. KG, 

Wolfertschwenden, Germany). Half of the muscles (n=12) were aged at 4°C for 3 days while the 

other half were aged for 15 days. These two ageing periods were chosen to cover two levels of 

cooking loss as reduction in cooking loss has been associated with prolonged ageing compared 

to a conventional two-day ageing period (Channon et al. 2016). After the nominated ageing 

periods, the meat was removed from the packaging material. Meat cutting and cooking were 

conducted according to Purslow at al. (2016) with slight modifications. Four pork cuboids (5 cm 
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length (L) x 3 cm width (W) x 3 cm height (H)) were randomly obtained from each muscle (Figure 

3.1) and allocated to four cooking temperatures (50, 60, 70 and 80°C). Each cuboid was weighed, 

placed in an individual plastic bag and immersed in a temperature-calibrated water bath (Julabo 

F38; John Morris Scientific, Melbourne, Victoria Australia). Internal temperatures were 

monitored using temperature probes inserted into the core of the sample (Model 2020, Grant 

Instruments, Cambridge, UK). Once the samples reached the assigned internal temperature 

(±0.75°C) they were left to cook for a further 30 minutes. Subsequently, the bags were taken out 

of the water bath and immersed in an ice bath for 15 minutes, followed by removal from the 

bag and drying of the surface of the samples with paper towel. The weight of each cuboid was 

then recorded for cooking loss calculation.  

3.2.1. Shrinkage measurements 

3.2.1.1. Measuring dimensions and determination of meat volume and perimeter by 

caliper measurements 

The twelve edges of each cuboid were measured with a digital Vernier caliper (Kincrome, 

Melbourne, Victoria Australia) before and after cooking (Figure 3.1). A pin was placed on the left 

front corner of the top surface of the cuboid to enable identification of each edge before and 

after cooking (Figure 3.1). Average length of the edges in each direction was calculated as: 

x̄ L= x̄ (L1, L2, L3, L4) 

x̄ W= x̄ (W1, W2, W3, W4) 

x̄ H= x ̄(H1, H2, H3, H4) 

where L = length, W = width and H= height and 1 to 4 represents the four edges of the cuboid in 

each dimension, as shown in Figure 3.1. 

 

Figure 3. 1 A representation of the cuboid with labelled edges. The grey circle shows the location of the pin. The 

thicker edges are the representative edges used for calculation of the Caliper-3 volume. L = length, W = width, H = 

height and the numbers refer to the four edges for each dimension. Created in MS Office software (Microsoft, 

Redmond, Washington USA). 
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The volume of the cuboids was calculated based on the assumption that the cuboid has a regular 

shape, using the averages in each of the dimensions (Caliper-12 method) or using only the length 

of three representative edges (see Figure 3.1) in the formula for volume calculation (Caliper-3 

method).  

The volume measurement using caliper measurements of all edges (Caliper-12) was calculated 

as follows. 

Volume (Caliper-12) = ((L1+L2+L3+L4)/4) *((W1+W2+W3+W4)/4) *((H1+H2+H3+H4)/4) 

The volume using only 3 representative edges (Caliper-3) was calculated as follows: 

Volume (Caliper-3) = L1*W1*H1 

The sum of the edges- the perimeter was calculated as follows: 

Perimeter=∑ (L1, L2, L3, L4, W1, W2, W3, W4, H1, H2, H3, H4) 

3.2.1.2. Shape reconstruction and volume calculation by 3D laser scanning 

The 3D shape of the cuboids was scanned with a Faro Focus 3D s120 terrestrial laser scanner 

(Faro Technologies Ltd., Warwickshire, UK). The laser scanner sends an infrared laser beam 

towards its rotating mirror, the mirror deflects it into the scanned objects, the pork cuboids, and 

the scattered light from the meat samples is detected by the scanner (Faro Technologies 2013). 

The scanner measures the distance by measuring the phase shift between the emitted and 

received laser beam (Faro Technologies 2013). The nominal precision of the distance 

measurements of the Faro 3D s120 model of laser scanner is 0.6-1.2 mm at 10 m distance. The 

laser scanner was placed on a tripod with an approximate distance of 1 m from the samples 

(Figure 3.2). The precision at 1 m is expected to be higher, but not much different than at 10 m. 

Twelve raw and cooked samples from two cooking temperatures were scanned simultaneously, 

with each set of six being placed on a separate sheet of laminated white A4 paper (21 x 29.7 cm) 

on a table in front of the laser scanner (Figure 3.2). The scanning was conducted at an angular 

resolution of 0.07 degrees, resulting in approximately 11 million points for a full scan of 12 

samples. 
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Figure 3. 2 Image representation of the 3D laser scanning of the pork cuboids before heating.  

Two sets of six samples to be heated to two temperatures were placed on two white 21 x 29.7 cm pieces of 

laminated A4 paper respectively, and the papers were positioned parallel to each other. The papers were placed 

on a table, and the laser scanner Faro 3D s120 was located at ~1m distance from the table. The image of the muscle 

blocks on the left is an actual photo of the setup, while the 3D representations on the right are the 3D point clouds 

representing the cuboids as generated in the Cloud Compare software (v 2.9.1, GPL software, retrieved from 

www.cloudcompare.org). Figure generated in MS Paint (Microsoft, Redmond, Washington USA). 

The scanning area was reduced to the sample area and the duration of one scan for 12 samples, 

was 9 minutes. The samples were scanned in three positions: front (F), rear (R) and base (B) 

(step I, Figure 3.2). Figure 3.3 (step I) shows the F, R and B scan of one set of cooked pork samples 

corresponding to one cooking temperature. The F-scan was defined by the location of the pin 

on one surface, which was nominated as the ‘Front’. The R-scan was conducted by horizontal 

rotation of the paper by 180°, from the position of the F-scan.  This was undertaken in order to 

avoid deformations by moving the samples. The B-scan was conducted by manual (by hand) 

vertical rotation of the samples by 180°. The scans were imported into Cloud Compare software 

(v 2.9.1, GPL software, retrieved from www.cloudcompare.org) and the scans were segmented 

(cropped) to include only the three faces of the cuboid visible within that scan for the F and the 

R scan and only the base face for the B scan (step II, Figure 3.3). The top surface (where the pin 

is located) was used as an overlapping area to allow the next merging step. The segmentation 

was followed by the registration (merging) of the scans, a process where the scans are aligned 

and combined by manually selecting a minimum of three corresponding points to generate the 

3D shape of the meat (step III, Figure 3.3). For each raw or cooked cuboid, two-point clouds were 

generated by two ways of registration: one that combined the F and R scan only (Laser-B, bottom 

left, step III, Figure 3.3) and one that combined the F, R and B scans (Laser+B, bottom right, step 

III, Figure 3.3), and both were saved in LAS (LASer) format. The reason for distinguishing these 

two-point clouds was the possible deformation of the shape associated with the manual rotation 

of the sample by 180° to scan the base. Consequently, when the B-scan is not added into the 

registration, a flat base at the meat-paper interface is assumed. The point clouds were converted 

to Veesus Point Cloud (VPC) format with the Arena4D VPC Creator software v 4.2 (Veesus Ltd., 

East Sussex, UK) and imported into the software Arena4D Data Studio v 4.4 (Veesus Ltd., East 
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Sussex, UK) for estimation of the volume of the point clouds. There were two different volume 

estimates derived from these 3D reconstructions: 

- Laser+B: Volume estimate based on the cuboid reconstructed with inclusion of the base 

scan. 

- Laser-B: Volume estimate based on the cuboid reconstructed without inclusion of the 

base scan. 

 

Figure 3. 3 An example of the steps involved in the reconstruction of a cooked pork cuboid`s surfaces in three 
dimensions (3D) for one cooking temperature represented with points obtained by laser scanning.  
I. F = front, R = rear and B = base. The 3D scanning was done always with same position of the scanner, but the 

samples changed position. The front scan was obtained by positioning the paper such that three full surfaces of the 

cuboid are visible. The front scan was followed by the rear scan obtained by 180° horizontal rotation of the paper. 

Finally, the base scan was obtained by 180° vertical rotation of the sample. II. The 3D scans obtained for each 

scanning position: front, rear and base after segmentation (cropping). Colours are added for visual distinction. III. 

3D reconstructed pork cuboids after registration (merging) of the individual scans in step II; left cuboid represents 

-B without inclusion of the base scan, right cuboid represents +B with inclusion of the base scan. The white dot 

represents the pin location across the scans. Separate images generated in Cloud Compare software (v 2.9.1, GPL 

software, retrieved from www.cloudcompare.org), and image compiled in MS Paint (Microsoft, Redmond, 

Washington USA). 
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3.2.1.3. Volume and perimeter shrinkage 

Volume shrinkage was calculated for each cuboid using the separate volume estimates of each 

method (Caliper-12, Caliper-3, Laser-B, Laser+B), with the following formula: 

[(volume before cooking - volume after cooking) / volume before cooking] *100. 

Perimeter shrinkage was calculated using the same equation with volume replaced by 

perimeter. 

3.2.2. Calculation of cooking loss 

Cooking loss was calculated as:  

Cooking loss= [(weight before cooking-weight after cooking) / weight before cooking] *100 

3.2.3. Data analysis 

Complete randomized balanced experimental design was used for the data analysis. Coefficients 

of variation for the volumetry were calculated in Genstat (Version 16; VSN International Ltd., 

Hemel Hempstead, UK). Bland-Altman plots were constructed in Genstat (Version 16; VSN 

International Ltd., Hemel Hempstead, UK) and is a method to compare two measurement 

techniques where the differences between the two techniques are plotted against the averages 

of the two techniques. Horizontal lines represent the mean difference (bias) and the limits of 

agreement, defined as the mean difference ± 1.96 times the standard deviation of the 

differences.  The confidence interval (CI) of the mean, on the other hand, represents the 

potential error of the estimate as a result of sampling. Both coefficients of variation and Bland-

Altman plots were calculated/ constructed using only the data for the raw samples, since they 

were cut to comparable dimensions. Pearson-correlation coefficients (r) were calculated in 

Minitab (Version 17; Minitab, Pennsylvania, USA).  

3.3. Results and discussion 

Table 3.1 shows the means, standard errors, range and coefficient of variation of the volumetric 

manual and laser scanning methods for the raw pork cuboids. Manual cutting of the samples 

resulted in slightly smaller volumes than intended (45 cm3), regardless of measurement 

method. The mean values for the volume estimates of the laser scanning methods were 4 to 5 

cm3 larger than the caliper estimates.  Within the caliper and laser scanning methods, the 

difference was only ~ 1 cm3. In addition, the standard error, the range between the minimum 

and the maximum, as well as the coefficient of variation were also greater for the laser scanning 

methods than for the manual caliper measurements (Table 3.1). The Laser+B appeared to be the 

most variable method with the greatest standard error amongst the methods. The inaccuracies 
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in the manual caliper measurements, arise from the assumption of a completely regular shape 

(without deformation), which does not occur in cooked pork cuboids. Conversely, the 

inaccuracies in the 3D laser scanning arise from the subjectivity of the registration process and 

the size of the measurement error. The difference in the volume estimates between the two 

registration processes of the 3D laser scanning encompasses; (i) the subjective tendency 

towards changing the volume by trying to create the best alignment, (ii) the software accuracy 

in assuming a flat bottom in the baseless cloud (Laser-B method only) and (iii) the deformation 

of the base occurring during the flipping of the shape to scan it (Laser+ B method only). The 

efficiency of the 3D laser scanning process could be improved by automation of the registration, 

segmentation, and volume calculation tools. The accuracy of the registration process can, for 

example, be improved by using special targets with planar faces as demonstrated by Förstner 

and Khoshelham (2017). While the laser scanning operation is faster than the manual caliper 

measurements, its data processing is currently more laborious compared to that of the caliper 

method.  

Table 3. 1 Mean, standard error, minimum and maximum and coefficient of variation of the volume estimation of 

raw pork cuboids for the four methods, based on caliper measurements and laser scanning.  

 

1Caliper-12, Method for volume estimation based on reconstruction of the cuboid shape mathematically 

using all twelve edges of the cuboid measured with caliper and averaging them in each dimension while 

assuming a regular shape; Caliper-3, Method for volume estimation based on reconstruction of the cuboid 

shape mathematically using three representative edges of the cuboid measured with caliper assuming a 

regular shape; Laser-B, Method for volume estimation based on 3D reconstruction of the cuboids from 

point clouds obtained by laser scanning not including the base scan; Laser+B, Method for volume 

estimation based on 3D reconstruction of the cuboids from point clouds obtained by laser scanning 

including the base scan. 

As these descriptive statistics do not compare the methods considering the paired 

measurements of the same sample, Bland-Altman plots were used to analyse the differences 

(Figure 3.4). Bland-Altman plots were chosen over calculation of correlation coefficients since it 

provides more information regarding the similarities in data between two methods. The bias 

line in the Bland-Altman plot represents the mean difference between two methods and the 

Method1 Mean 
(cm3) 

Standard error 
(cm3) 

Minimum 
(cm3) 

Maximum 
(cm3) 

Coefficient of variation (%) 

Caliper-12 33.9 0.8 21.6 46.1 17.1 

Caliper-3 34.8 1.1 13.75 47.25 20.9 

Laser-B 39.4 1.3 23.6 56.39 21.8 

Laser+B 38.3 1.6 14.94 58.17 26.7 
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lines of agreement indicate the range to which 95 % of the differences between the methods 

belong. The caliper-12 and caliper-3 methods resulted in very similar volume estimates with a 

mean difference (bias) of -1.6 % (CI= -5.7, 2.5) and 95 % of the difference between the methods 

was between -24.7 and 35.4 % (data not shown). For the purpose of comparing caliper and 3D 

laser scanning methods, the caliper-12 method was chosen since its data was less variable 

evident by the lower coefficient of variation (Table 3.1). Volume estimates were compared 

between the two laser scanning methods, and between the laser scanning methods and the 

caliper-12 method (Figure 3.4). Adding the base scan in the registration process of the volume 

measurements for the Laser+B method resulted in a mean difference of -4% (CI = -10, 1.8), i.e. 

inclusion of the base results in a decrease in the volume estimate by 3D laser scanning (Figure 

3.4a). Although most of the data was above the bias, the largest differences between methods 

originated from the volume measurements of smaller samples evident from the data points 

being more dispersed, indicating a greater difficulty for the 3D laser scanning to accurately 

reconstruct the volume of smaller pork cuboids. This relates to the ratio of the measured 

shrinkage and the measurement error for smaller samples, and the shape deformations during 

cooking. Igathinathane (2010) measured objects made of densified biomass (for recycling 

purposes) by 3D scanning and concluded that the largest differences in the estimates between 

laser scanning and manual measurements occur when the sample shape deviates and when the 

sample size is smaller. Similarly, when Aversa et al. (2012) used calipers to measure changes in 

estimated volume during drying of cylindrical shapes cut from carrots, they did not include the 

smallest samples in their analysis due to the anisotropic changes in shape. When the Laser-B 

and Laser+B methods are compared to manual Caliper-12 volume measurements, 15 % (9.2, 

20.8) and 11 % (3.1, 19.6) bias was found (Figure 3.4b and 3.4c respectively), indicating that 3D 

laser scanning resulted in greater volume estimates than the manual caliper measurements. In 

contrast, a study measuring the volume of the grape clusters showed a 34 % negative bias 

(calculated relative to 500 cm3 volume of the grape cluster), i.e.  3D scanning underestimated 

the volume compared with manual volume displacement method (Tello et al., 2016). Overall, 

the volume estimates of all methods in our study, based on the Bland-Altman plots of pairwise 

comparisons, were significantly different as evident in their lines of agreement exceeding the 

confidence intervals of the mean difference (Giavarina 2015). 
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Figure 3. 4 Bland Altman plot of the differences between methods for measuring volume of raw pork cuboids. Plots 

created in Genstat software (Version 16; VSN International Ltd., Hemel Hempstead, UK). a) Laser+B vs Laser-B, b) 

Laser-B vs Caliper-12, and c) Laser+B vs Caliper-12. The middle- dashed line represents the bias (mean difference) 

and the outer dotted lines represent the limits of agreement (where 95% of the differences between the methods 

belong).  

Figure 3.5 and Table 3.2 demonstrate the relationship between the shrinkage and the cooking 

loss. The maximum shrinkage, and the maximum cooking loss at 80°C, were both ~40%. The 3D 

laser scanning methods resulted in negative volume shrinkage estimates, indicating an 

inaccuracy in the volume estimation using laser scanning, likely resulting from overestimation 

of the volume of the cooked samples and/or underestimation of the volume of the raw samples. 

The strongest correlation with cooking loss was not found with volume shrinkage but with 

perimeter shrinkage (r=0.94; p<0.001) (Figure 3.5, Table 3.2), which was comprised solely of 

manual measurements. The perimeter shrinkage was 2.4 times smaller than the cooking loss 

across the different temperatures (Figure 3.5) (based on the slope of the correlation). Caliper 

volume shrinkage estimates were strongly correlated with cooking loss, with larger values for 

the shrinkage than the cooking loss. The caliper-3 method shows a coefficient of correlation of 

0.64 (p<0.001) while the rest of the volumetric methods had very low coefficients. Du and Sun 
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(2005), using a computer vision method, found very low correlation of the perimeter shrinkage 

of pork ham cooked to 82°C with cooking loss and a high correlation of the volume shrinkage 

with cooking loss. In support of the moderate correlation between the caliper measures of 

volume shrinkage and the cooking loss found in the current study, Purslow at al. (2016) reported 

that the average cooking loss of beef muscle blocks at four cooking temperatures in bovine 

semitendinosus closely followed the average reduction in volume calculated from caliper 

measurements. To our knowledge, no other studies have reported on the correlation between 

volume shrinkage estimated by laser scanning and cooking loss of cooked pork. The Laser-B 

method showed a weak correlation with the cooking loss and no correlation between the 

shrinkage and the cooking loss, therefore its ability to predict the cooking loss is unreliable. 

When correlations at individual cooking temperatures were analysed, moderate to strong 

correlations were found between the cooking loss and the perimeter shrinkage at 50°C and 70°C; 

between the cooking loss and the volume shrinkage of the caliper-3 method at 50°C and 70°C, 

and between the cooking loss and Laser+B method at 50°C and 80°C. This confirms that 

shrinkage and cooking loss are inevitably related, as they are both a consequence of the 

structural changes of the meat fibres and particularly in their constituent proteins during 

heating. Finally, results in this study suggest that when laser scanning and a series of data 

processing steps are used to calculate volume or volume shrinkage, the quality of the prediction 

of cooking loss is reduced.  

Table 3. 2 Correlation coefficients (r) between the cooking loss and the perimeter and volume shrinkage of pork 

with heating across all temperatures and at individual temperatures 

Temperature 
(°C) 

Perimeter shrinkage 
(%) 

Volume shrinkage (%) 

Caliper-12 Caliper-3 Laser+B Laser-B 

All 0.94*** 0.67*** 0.64*** 0.17 0.35* 

50 0.62* 0.49 0.63* 0.68* 0.08 

60 0.01 -0.01 -0.05 -0.19 0.16 

70 0.58* 0.04 0.65* -0.18 0.11 

80 0.58 0.23 0.33 0.67* 0.44 

*p<0.05, **p<0.01, ***p<0.001 
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Figure 3. 5 Scatter plots of the relationship between cooking loss and the perimeter and volume (measured using caliper-12, caliper-3, laser-B, laser+B) shrinkage of pork cuboids with heating to 

four cooking temperatures (circle, 50 oC; square, 60 oC ; diamond, 70oC; triangle, 80oC).  

The shrinkage and cooking loss are expressed relative to raw samples.  Caliper-12 and caliper-3 are caliper measurement using 12 and 3 edges respectively and laser+B and laser-B are derived from 

3D laser scans, with or without including the base in the calculation, respectively.  The solid line is the fitted trend line of the correlation. Plots created in Minitab (Version 17; Minitab, Pennsylvania, 

USA).  
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3.4. Conclusions 

This study examined the novel application of 3D laser scanning technology to estimate the 

volume of pork cuboids before and after heating and compared with a conventional method of 

manual caliper measurement. 3D laser scanning provided significantly higher estimates of the 

volume of raw meat cuboids. Volume shrinkage estimated using 3D laser scanning was only a 

weak to moderate predictor of cooking loss, although future improvements in 3D laser scanning 

methodology could increase the prediction accuracy.  Of the manual caliper measurements, 

perimeter calculations were superior in predicting cooking loss compared to estimations using 

3 or 12 edges. Perimeter calculations were also superior in predicting cooking loss to volume 

estimates obtained by 3D laser scanning.  

Due to the multiple steps of data collection and processing, laser scanning is subject to 

inaccuracies resulting in variation in the measurements. Optimizing the steps of the data 

collection and processing of the 3D laser scanning is needed for accurate estimation of volume, 

volume shrinkage estimates and predicting cooking loss.  In conclusion, perimeter shrinkage has 

an advantage for the prediction of the cooking loss over the volume shrinkage, particularly since 

the data does not require further processing and calculation. 
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CHAPTER 4 

Chapter 4 addresses the research question how structural changes (shrinkage) and changes in 

quality (cooking loss and WBSF) are affected by prolonged ageing compared to conventional 

ageing in combination with cooking temperature in pork. The samples and cooking procedures 

are shared between Chapter 3 and 4. 

Chapter 4 is not yet submitted for publication at the time of thesis submission, and therefore is 

included as manuscript in progress. 
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Abstract 

This study aimed to observe the effect of prolonged ageing and cooking on the texture, cooking 

loss and shrinkage of pork. Loin (longissimus lumborum) samples from 12 carcasses were aged 

for 3 days or 15 days (prolonged ageing), and cuboids were cooked at 50°C, 60°C, 70°C or 80°C 

for 30 minutes. Cooking loss, total water content (TWC), Warner Bratzler shear force (WBSF) 

and shrinkage (longitudinal, transverse and estimated volume) of pork muscle cuboids were 

measured. Prolonged ageing for 15 days reduced the WBSF of pork cooked at 50°C, and the 

cooking loss of pork cooked at 70°C and 80°C, compared to pork aged for 3 days. Prolonged 

ageing reduced the longitudinal shrinkage of pork loin muscle, but the TWC, transverse and 

volume shrinkage of the loins were not affected by the ageing period. However, the diameter of 

muscle fibre fragments isolated from the cooked pork was smaller in pork subjected to 

prolonged ageing. In conclusion, prolonged ageing might be favourable for pork quality, but it 

needs to be considered in conjunction with the intended cooking temperature and with the aim 

of improved tenderness or juiciness.  

Keywords: pork, ageing, cooking, shrinkage, tenderness, cooking loss  
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4.1. Introduction 

Consumers prefer, and are more likely to pay a premium price, for tender and juicy pork (Aaslyng 

et al., 2007; Bryhni et al., 2003; Sanders, 2007). While ageing has been shown to improve the 

eating quality of beef and lamb, it has not been considered an effective intervention strategy to 

improve pork quality in Australia (Channon et al., 2016). Conventionally, ageing of pork in 

Australia to reach consumer acceptable tenderness is thought to require only 2-3 days 

(Channon, Hamilton, D'Souza, & Dunshea, 2016),   in alignment with the concept that 50-80 % 

of the tenderization, measured instrumentally as WBSF, occurs in 2-5 days (Dransfield et al., 

1981).   

On the other hand, extended aging periods have been shown to improve sensory tenderness 

and juiciness by aging of pork for 8 days in comparison with aging for 4 days (Jonsäll, 2000), 16 

days in comparison to 2 and 9 days (Ellis et al., 1998) and 10 days in comparison to 1 day (Wood 

et al., 1996). Meanwhile, other studies have shown contradictory results with improvement 

(Channon et al. 2014) and no improvement of sensory tenderness from 2 to 7 days (Channon et 

al., 2016). Taylor at al. (1995) showed improvement in both instrumental and consumer 

tenderness by aging for 7 and 12 days in comparison to 4 days in pork loins. In addition, there is 

also conflicting evidence on the role of extended ageing on the cooking loss of pork. Li at al. 

(2009) related a reduced cooking loss in the first 8 days of ageing to improved water-holding 

capacity and an increased cooked loss between 8 and 16 days to cell destruction. Other authors 

did not find improvement or at least no further improvement of cooking loss with aging of 14 

days (Straadt et al., 2007) or after 5 days (Dransfield et al., 1981), respectively.  

Meat shrinks with heating and it has been proposed that cooking loss occurs due to shrinkage 

of the myofilament lattice (Offer & Trinick, 1983).  Danish consumers associate lack of shrinkage 

with good pork quality, while Canadian consumers consider it a criteria for selecting pork 

(Diamant et al., 1976; Ngapo et al., 2004). Meat shrinkage occurs in two directions: transverse, 

which occurs perpendicular to the muscle fibre direction and it has been related to myosin 

denaturation (Kondjoyan et al., 2014); and longitudinal, which occurs parallel to the muscle fibre 

direction and has been associated with collagen (Kondjoyan et al., 2014) and actin denaturation 

(Purslow et al., 2016) (for review see: Warner et al., 2017). Most of the published meat shrinkage 

studies discriminating between transverse and longitudinal shrinkage have been conducted in 

beef (Warner et al., 2017) and dimensional shrinkage is rarely quantified in pork (Becker et al., 

2016). Additionally, it is not clear what effect standard and prolonged ageing would have on the 

shrinkage process in both directions.  
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Mechanistically ageing leads to protein degradation, while cooking mainly leads to 

conformational changes in meat proteins. Conformation changes of proteins during cooking 

result in changes in meat tenderness and lead to loss of water. While an increase in cooking 

temperature can lead to tougher pork, measured by WBSF, and higher cooking loss (Crawford 

et al., 2010), pork can also become more tender with heating to certain temperatures 

particularly around 60°C  (Christensen et al., 2000). Channon et al. (2016) investigated ageing 

periods of 7 days and 2 days and cooking temperatures of 70°C and 75°C, but did not find an 

interaction between the ageing period and the cooking temperature. The present study aims to 

investigate the combined effect of ageing (3 and 15 days) and wider range of cooking 

temperatures (50°C, 60°C, 70°C and 80°C) on the texture, water-holding capacity and shrinkage 

of pork loins. Investigating shrinkage next to WBSF and cooking loss, explores other potential 

benefits of prolonged ageing on pork quality. If an interaction emerges between prolonged 

ageing and cooking temperature regarding quality traits, combinations of ageing periods and 

cooking methods can be selected/recommended by industry for achieving optimal pork quality.  

4.2. Materials and methods 

4.2.1. Muscles and ageing treatments 

Samples, cooking method and dimension measurements were as described in Vaskoska et al. 

(2020a Chapter 3). Namely, loins (longissimus lumborum muscles) from 12 pig carcasses (hot 

carcass weight 81.66 ± 2.7 kg) were collected from an abattoir 1 day post-mortem.  The muscles 

from half of the carcasses were assigned to 3 days (N=6 carcasses) and half to 15 days ageing 

(N=6 carcasses). The muscles were packed in vacuum packaging (C100 Chamber, Multivac Sepp 

Haggenmüller SE & Co. KG, Wolfertschwenden, Germany) and aged in a refrigerated unit at a 

controlled temperature of 4°C. When the ageing was completed, the pH was measured with a 

pH meter (WP 80, TPS Pty Ltd, Brisbane, Victoria Australia) with an electrode (IJ 44) and 

temperature compensation probe attachments (Ionode Pty Ltd., Brisbane, Victoria Australia).  

Purge loss was determined by weighing samples on a scale (Scout SPX 1202, Ohaus Corporation, 

Parsippany, New Jersey, USA) before and after ageing. 

Purge loss = (weight before ageing - weight after ageing) / weight before ageing *100. 

4.2.2. Cooking  

The lumbar portion of the loin muscle was used and it was cut and cooked according to the 

method of Purslow at al. (2016) as modified in Vaskoska at al. (2020a Chapter 3). Five meat 

cuboids measuring 50 mm [length(L) x 30 mm width(W) x 30 mm height(H) were cut randomly 

from the muscles from each carcass (two or three per side) and allocated to a control (raw) and 
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four cooking temperatures (50°C, 60°C, 70°C and 80°C). A pin was placed at the top left corner 

of each cuboid to enable measuring of the same dimensions before and after cooking. The 

weight of the cuboid was recorded and then placed in a separate plastic bag that was immersed 

in a heated water bath (Julabo F38, John Morris Scientific, Melbourne, Victoria Australia). The 

internal temperature was measured with a probe (T type) carefully placed in the centre of the 

sample (Grant Instruments, Cambridge, UK). Cuboids were cooked at the target temperature 

(accuracy was ±0.75°C) for 30 minutes, after which the bags were placed in iced water for 15 

minutes to cool and dried with a paper towel. The weight was measured again for estimating 

cooking loss after the cooling period. Sub-samples for measurement of WBSF and fibre diameter, 

as described below, were collected from each cuboid (including raw) and processed after 

overnight storage at 4°C.  

4.2.3. Cooking loss, total water content (TWC) and Warner- Bratzler shear force 

(WBSF) 

Cooking loss (%) was calculated as the weight of the cuboids cooked to the specified 

temperature, relative to the weight of the raw cuboid, as a ratio of the raw cuboid weight and 

converted to %. TWC was measured by weighing a ~3g sample, drying in an oven (IPX5; 

Convotherm, Eglfing, Germany) with an air temperature of 104°C for 48 hours (Oillic et al., 2011 

and cooling in a desiccator before re-weighing. TWC was calculated as [(initial weight – final 

weight)/initial weight] x 100. 

WBSF was measured on 1 cm2 samples (length varied with cooking regime, being 5 cm for raw 

samples), cut from the middle of the raw and cooked pork cuboids, with the fibres perpendicular 

to the blade. A texture analyser (Ametek Inc., Berwyn, Pennsylvania, USA), using a triangular 

blade, a speed of 300 mm/minute and x 500N load cell was used. Toughness was expressed as 

WBSF in Newtons.  

4.2.4. Longitudinal, transverse and volume shrinkage 

The length of each of the edges of the cuboids were measured before and after cooking with 

digital Vernier calipers (Kincrome, Melbourne, Victoria Australia), using the location of the pin 

for co-locating the same edges for calculation purposes. For estimating the shrinkage in each 

direction, the average dimensions for each direction of the raw and cooked cuboids were used 

and shrinkage was expressed relative to the raw values. Transverse shrinkage considered both 

width and height shrinkage by combining them in a calculation of the cross-sectional area.  The 

cross-sectional area (CSA) was calculated as the product of the average width and the average 

height for each cuboid. The volume was calculated as the product of the length, width and height 

on the side of the cuboid where the pin was placed. Transverse, longitudinal and volume 
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shrinkage (in %) were calculated as the CSA, average length and volume of the cuboids, 

respectively, cooked to each temperature relative to the same dimensions in the raw cuboids.  

4.2.4.1. Transverse shrinkage on level of fibre fragments 

Microscopy was performed to observe the dimensional changes in the muscle fibres. The 

samples were prepared according to the method of Purslow at al. (2016) with slight 

modification. For measurement of the diameter of the fibre fragments, 1 g of muscle (from each 

ageing and temperature combination treatment) was homogenized in 10 ml cold mannitol 

buffer (380mM mannitol, 5mM potassium acetate, pH 5.6) for each sample with an Ultra Turrax 

T25, 10mm head, (Janke&Kunkel Ika Labotechnik) at speed of 11500 rpm three times for 10 

seconds with pauses of 10 seconds in between while holding it on ice. A drop of each suspension 

was transferred on a separate glass slide (Sigma Aldrich), covered with cover slip and observed 

with a compound microscope (Leica DM750). Measurements of the fibre diameter were 

performed on bright field images (Leica camera ICC50 W) taken using 200 times magnification 

(10x ocular*20x objective). At least 25 muscle fibres were measured per ageing and temperature 

treatment. Only samples that appeared intact in the width were measured for the diameter. 

Samples were counted continuously throughout the area of the slide and if there were less than 

25 muscle fibres per slide, an additional slide was used. Fibre fragment diameter was measured 

with the Leica LAS software (Leica, Wetzlar, Germany).  

4.2.5. Data analysis 

Analysis of variance was performed in Genstat v16 (VSN International Ltd., Hemel Hempstead, 

UK) with temperature, ageing and their interaction as treatments and the least significant 

difference (LSD) (based on the standard error of difference (SED) x 1.96) was used for 

comparison between treatments. In instances where the interaction did not have a significant 

effect, it was excluded from the analysis. Principal Component Analysis (PCA) was conducted in 

Minitab (Version 19, University Park, Pennsylvania, USA) by selection of six components. 

4.3. Results and discussion 

The pH of the pork loin muscles was 5.45 ± 0.07 for 3 days of ageing and 5.36 ± 0.06 for 15 days 

of ageing, which is a within the usual range encountered for Australian pork (Jose, 2018). Purge 

loss was 2.75 % ±0.53 (SD) for 3 days aged pork and 7.22 % ±0.97 (SD) for 15 days aged pork. 

However, while the purge amounts for the initial period of ageing (2-7 days) in the study of 

Juarez at al. (2009) were similar to our study (2.85 %), the purge of 14 days aged pork loins in 

their study (3.45 %) was lower than the purge found in our study for 15 days aged pork. This 

could be a consequence of the lower pH of the pork used in our study compared to the pH of 
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5.6 of the pork in the study of Juarez at al. (2009), as lower pH is associated with increased purge 

loss (Huff-Lonergan & Lonergan, 2005). 

Ageing for 15 days reduced the cooking loss of pork when compared to ageing for 3 days by 

about 3 % and a significant interaction was found between the ageing and the cooking 

temperature (p<0.001) (Figure 4.1a). Ageing for 15 days led to reduced cooking loss compared 

to ageing for 3 days when pork was cooked to 70°C and 80°C, but ageing period did not affect 

the cooking loss at 50°C and 60°C (Figure 4.1a). The smaller cooking loss at 70°C and 80°C for 15 

days aged samples in comparison to 3 days aged pork was comparable to the results of Ellis at 

al. (1998) who found reduced cooking loss in prolonged (16 days) compared to conventional 

ageing of pork (2 days). The reduced cooking loss with prolonged ageing could be a consequence 

of the greater purge loss as explained by the “leaking out” hypothesis; water that is lost in drip 

cannot be lost again through cooking (Kim, 1993). Cooking loss increased continuously with each 

increase in temperature within each ageing period (p<0.001)(Figure 4.1a), which has also been 

previously reported (Wood et al., 1995). For TWC, there was no change with ageing 

(p>0.05)(Figure 4.1b), and it decreased  with the increase in temperature (Figure 4.1b) (50oC vs 

80°C was 71.6 %  and 63.3 % respectively; p<0.001). 

Ageing alone did not affect the WBSF of pork, but it had a significant interaction with the cooking 

temperature (p=0.017) (Figure 4.1c). Specifically, ageing period only affected the WBSF of aged 

pork at 50°C, where ageing for 15 days resulted in smaller WBSF than ageing for 3 days (Figure 

4.1c). Contrary to this, Dransfield et al. (1981) found improvement in WBSF from 2 to 10 days of 

ageing in pork cooked to a higher temperature (80°C). Cooking temperature of 60°C resulted in 

the lowest WBSF within both ageing periods which was comparable to the WBSF of the raw 

meat. The reduced WBSF at 60°C in 3 days aged pork in this study agrees with previous studies 

where WBSF for porcine longissimus was reduced by cooking between 53 and 58°C (Christensen 

et al., 2011) and it can be explained by the potential solubilization of collagen (Hamm, 1966). 

The holding time of 30 minutes might have contributed to the solubilization of collagen at 60°C 

since Huang at al. (2011) did not find a reduction of WBSF in pork loin when cooking to end point 

temperatures of 50°C and 60°C.  
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Figure 4. 1 Effect of cooking temperature [50°C, 60°C, 70°C and 80°C] and ageing (3 days and 15 days) on 

physical changes during cooking of pork loins (longissimus lumborum). a) Cooking loss (%) - significant 

p-values were as follows: temperature p<0.001, ageing p<0.001, temperature x ageing p<0.001; b) Total 

Water Content (TWC) in the pork cuboids (%), p-values were as follows: temperature p<0.001, ageing 

p>0.05, temperature x ageing p>0.05; c) Warner-Bratzler shear force (WBSF, N) of porcine longissimus 

lumborum- Significant p- values were as follows: temperature p<0.001, ageing p=0.15, temperature x 

ageing p=0.017. The values are predicted means and vertical bars are the least significant difference (LSD) 

for the interaction.  

Ageing period and temperature did not demonstrate an interaction in relation to longitudinal, 

transverse or volume shrinkage (Table 4.1; p>0.05) and hence the interactions were excluded 

from the analyses. Ageing only affected the longitudinal shrinkage (Table 4.1; p=0.006) and had 

no effect on the transverse or volume shrinkage (p=0.195, p=0.066, respectively). Namely, pork 

aged for 15 days had a 2.6 % reduction in longitudinal shrinkage compared to 3 days ageing 

(Table 4.1). Longitudinal shrinkage is associated with the denaturation of the myofibrillar and 

connective tissue proteins (Tornberg, 2005) and its reduction with ageing indicates that a 

component of these mechanisms is affected by ageing. While actin. being responsible for 

longitudinal shrinkage, is not normally degraded during post- mortem ageing, titin runs 

longitudinally, and its degradation could be a potential reason for the reduced longitudinal 

shrinkage. This contradicts with the findings of Purslow at al. (2016) who did not find differences 

in the longitudinal shrinkage with ageing, but their study was in beef and their comparison was 

between aged and unaged meat and not between ageing periods so a direct comparison 
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between studies cannot be made. Transverse shrinkage remained the same in both ageing 

periods (Table 4.1) which coincides with Straadt at al. (2007) who reported no changes between 

4 and 14 days for the size of pork muscle fibres on microscopic transverse sections. Temperature 

had a significant effect on each of the levels of shrinkage (p<0.001). Transverse shrinkage of 10.7 

% was observed in pork cooked at 50°C. Transverse shrinkage of the pork cuboids doubled 

between 50°C and 60°C (10 % and 20 %, respectively)  with no further shrinkage occurring above 

60°C. Significant longitudinal shrinkage occurred at temperatures >60°C (Table 4.1). The extent 

of transverse shrinkage seen in the present study was greater, while the longitudinal shrinkage 

at 60°C was comparable and at 80°C was less intense, than previously reported for pork loins 

aged for 5 days (Becker et al., 2016). The completion of the transverse shrinkage below, and the 

onset of the longitudinal shrinkage above, 60°C corresponds to previous findings in bovine 

muscles, (as reviewed in Warner et al., 2017). While the volume shrinkage was not affected by 

ageing alone or in interaction with temperature, it increased progressively with the increase in 

temperature and it reached up to 38 % when the pork cuboids were cooked at 80°C. This was in 

accordance with the cooking loss of 39 % and 33 % for 3 days and 15 days respectively, affirming 

the relationship between volume shrinkage and cooking loss. However, at 50°C and 60°C, the 

shrinkage was greater than the cooking loss indicating that the shrinkage at lower cooking 

temperatures is not always directly proportional to the loss of water. A similar trend can also be 

seen in the study of Purslow et al. (2016) in bovine semitendinosus, but the differences in the 

extent of the shrinkage and the cooking loss in relation to temperature were smaller. The greater 

volume shrinkage relative to the cooking loss at low temperatures, seen in the present study, 

can be attributed to the water being held more strongly in the structure and that some of the 

water expelled by the shrinkage process only gets redistributed from the intracellular to the 

extracellular space but does not escape the structure in the form of cooking loss.
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Table 4. 1 Effect of cooking temperature (50°C, 60°C, 70°C and 80°C) and ageing (3 days and 15 days) on longitudinal, transverse, volume shrinkage (%) of meat cuboids (5 cm x 3 cm x 3 cm) and on 
diameter of fibre fragments isolated (homogenization at 11500 rpm with 3 homogenizing steps of 10 seconds and 2 breaks of 10 seconds in between as in Purslow at al. (2016)) from raw and cooked 
pork loins (longissimus lumborum).  
The values are least squares means and standard errors of difference (SEDs) and p-values for the main effects are shown.  There were no significant two- way interactions (p>0.05).  

 

 1 N=6 for shrinkage (longitudinal, transverse, volume) and N=25 for diameter 

2 Longitudinal and transverse shrinkage are expressed relative to raw (~25 oC), 

3 NA- not applicable, since shrinkage is calculated relative to raw.

Dimensional change1 
 

Ageing (days) SED 
(ageing) 

p- value 
(ageing)3 

Cooking temperature (°C) SED 
(temperature) 

p- value 
(temperature) 

3 15 raw 50 60 70 80 

Longitudinal 
shrinkage2 (%) 

9.85 7.24 0.9 0.006 NA3 1.86 3.19 10.3 18.83 1.27 <0.001 

Transverse shrinkage2 
(%) 

18.16 20.98 2.14 0.195 NA3 10.73 20.35 24.6 22.62 3.03 <0.001 

Volume shrinkage 
(%)2 

30.81 26.12 2.49 0.066 NA3 21.03  24.17  30.65  38.03 3.52 <0.001 

Diameter (µm) 89.62 82.1 2.48 0.004 101.07 92.99 83.28 73.92 78.03 3.92 <0.001 
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However, despite the absence of ageing effect on transverse shrinkage, the diameter of fibre 

fragments isolated from the cooked meat reduced with the ageing period (Table 4.1; p=0.004) 

and this was not related to specific temperature conditions, as there was no interaction between 

ageing and temperature (p>0.05). This is in contrast to the absence of any effect of ageing on 

the transverse shrinkage in the present study as well as in the study of Straadt et al. (2007), who 

measured diameters on transverse sections as described above. However, the discrepancies 

between studies is not surprising, since all three methods of assessing shrinkage are constrained 

by limitations such as accuracy for cuboid measurements (Vaskoska et al., 2020а Chapter 3), 

sample preparation for sections and potential segmentation in the width for the fragments 

during homogenization. The diameter of the fibres decreased with increasing cooking 

temperature up to 70°C (Table 4.1; p<0.001) which confirms the findings of decreased fibre 

diameter with cooking in histology studies of pork sections (Straadt et al., 2007). Fibre 

dimensions are important for meat quality since there is a general understanding that thinner 

fibres result in better tenderness (Hiner et al., 1953).  

 

Figure 4. 2 a) Biplot and b) Score plot from a Principal Component Analysis (PCA). PCA included the 
following variates: cooking loss, TWC, WBSF, longitudinal shrinkage, transverse shrinkage, volume 
shrinkage and diameter, measured on pork loins (longissimus lumborum) aged for 3 or 15 days and 
cooked to 50°C, 60°C, 70°C and 80°C. Line vectors on the biplot (a) represent measured quality variate, 
dots on both plots (a and b) represent eigen scores for each sample. Scores are grouped based on 
temperature and ageing period in b).   
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The PCA biplot (Figure 4.2a) illustrates the overall relationships of the measured variables in 

cooked pork. As expected, scores for TWC and the cooking loss are opposite to each other, as 

well as diameter and transverse shrinkage, demonstrating their inverse relationship and hence 

negative correlation with each other. The positive correlation between cooking loss and volume 

shrinkage is also supported by the study of Du and Sun (2005). What is also apparent from the 

biplot is that cooking loss and WBSF of pork are more closely related to the longitudinal 

shrinkage than with transverse shrinkage (Figure 4.2a). Du and Sun (2005) also found a high 

correlation (r=0.92) between longitudinal shrinkage and hardness in pork ham. The score plot of 

the PCA analysis (Figure 4.2b) illustrates that temperature is the variable separating the scores 

on the PC1 component explaining 50.9 % of the variability of the data and that ageing period 

only shows some separation on the PC2 component (explaining 16 % of the variance) at 50°C 

but not consistently across temperatures (Figure 4.2b). This confirms that the benefit of the 

prolonged ageing is only apparent within certain cooking conditions.  

4.4. Conclusion 

Prolonged ageing reduced the WBSF of pork when cooked at 50°C, the cooking loss when cooked 

at 70°C and 80°C, as well as the overall longitudinal shrinkage and diameter of the fibre 

fragments isolated from cooked meat, when compared to standard ageing of 3 days. TWC, as 

well as transverse and volume shrinkage, were not affected by the length of ageing of pork. 

Thus, it is evident that tenderness of pork will be improved by a combination of prolonged ageing 

and low cooking temperature, and the cooking loss of meat cooked to high temperatures might 

also benefit from prolonged ageing. Irrespective of cooking temperature, prolonged ageing will 

prevent some of the longitudinal shrinkage occurring during heating. Although the longitudinal 

shrinkage contributes less to the overall volume shrinkage than transverse shrinkage, it appears 

to be more closely contributing to an increased WBSF and cooking loss.  
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CHAPTER 5 

Chapter 5 investigates the effect of muscle type, ageing and cooking temperature on structural 

changes (shrinkage) and changes in quality (cooking loss and WBSF) in beef, and aims to identify 

structural determinants of these process. It uses similar methods as in Chapter 4 for pork, with 

different choice of ageing periods, and inclusion of more types of measurements. 

Chapter 5 is published in the journal Foods 9(9), 1289, 1-17. 
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Abstract  

This study aimed to quantify the effect of muscle, ageing and cooking temperature on the 

texture, cooking loss and shrinkage of cooked beef. Cuboids from unaged (1 day post mortem) 

and aged (14 days post mortem) semitendinosus, biceps femoris and psoas major muscles, from 

both sides of five beef carcasses, were cooked at four different cooking temperatures (50, 60, 

70 and 80 °C) for 30 min. and their Warner–Bratzler shear force (WBSF), cooking loss and 

shrinkage (longitudinal and transverse) were quantified. The WBSF was reduced by ageing in the 

muscles at the specific cooking temperatures: psoas major (cooked at 50, 60 and 80 °C), 

semitendinosus (70 and 80 °C) and biceps femoris (80 °C). The cooking loss was 3% greater in 

aged compared to unaged muscles. The longitudinal shrinkage was greatest in psoas major at 

80 °C amongst the muscle types and it was reduced by ageing in psoas major (70 and 80°C) and 

biceps femoris (80 °C). The transverse shrinkage was reduced by ageing only in biceps femoris, 

across all temperatures; and the diameter of homogenized fibre fragments from semitendinosus 

and biceps femoris was reduced more by cooking at 50 °C in unaged compared to aged condition. 

WBSF was related to transverse shrinkage, and cooking loss was related to longitudinal 

shrinkage. The effect of muscle type on the physical changes occurring during cooking of beef is 

dependent on ageing and cooking temperature. 

Keywords: WBSF, cooking loss, shrinkage, beef, collagen, sarcomere length, tenderness 
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5.1. Introduction 

During cooking, meat shrinks, loses water and changes in tenderness (Davey & Gilbert, 1974). 

Meat shrinkage during cooking can be described as a two-dimensional process. Transverse 

shrinkage, or shrinkage perpendicular to muscle fibre direction, is reported to start between 35 

and 45 °C (Tornberg, 2005; Bendall & Restall, 1983; Hostetler & Landmann, 1968; Hearne et al., 

1978; Palka & Daun, 1999) and to be completed between 60 and 62 °C (Bendall & Restall, 1983; 

Hostetler & Landmann, 1968; Hearne et al., 1978; Palka & Daun, 1999). Longitudinal shrinkage, 

or shrinkage parallel to the direction of the muscle fibres, leading to either sarcomere length or 

fibre length change, starts between 55 and 64 °C (Bendal & Restall, 1983; Hostetler & Landmann, 

1968; Hearne et al., 1978; Palka & Daun, 1999) and is completed by 90 °C. Meat shrinkage has 

been related to the denaturation of myofibrillar and connective tissue proteins in the muscle 

structure during cooking, and it can be influenced by factors such as ionic strength and pH 

(Tornberg, 2005; Purslow et al., 2016; Offer et al., 1983). Although the phenomenon of meat 

shrinkage is widely known and recognised, little research has been conducted on the extent of 

the shrinkage in muscles with different fibre types, collagen content and sarcomere lengths. 

Purslow et al. (2016) discussed the potential attribution of variations in cooking loss to 

variations in fibre type composition between muscles, while Astruc et al. (2012) showed some 

variations in the extent of protein denaturation in fibres of different fibre type in the same 

muscle. Bendall and Restall (1983) found that the force required to shorten a meat strip with 

cooking to 94 °C was greater in sternomandibularis muscle compared to psoas major muscle, 

reflecting the difference in their collagen content. On the other hand, comparison between the 

shrinkage of contracted and stretched samples of bovine semitendinosus showed that the 

sarcomere length affects the extent of shrinkage in both directions (Bouton et al., 2012). 

Therefore, differences in fibre type, sarcomere length and collagen content between muscles 

are expected to affect the shrinkage behaviour of beef. 

It is well known that tenderness and juiciness, as well as flavour, define consumer acceptability 

of beef (Platter et al., 2003). Early meat science research tried to establish the connection 

between the dimensional changes, and the tenderness and cooking loss of meat. Davey and 

Gilbert (1974) defined two phases of toughening in bovine sternomandibularis, at temperatures 

of 40–50 °C and 65–75 °C, and found that the second toughening stage coincided with the 

longitudinal shrinkage. Similarly, cooking loss has been considered to be a direct result of the 

shrinkage of the filament lattice (Offer & Trinick, 1983). While Davey and Gilbert (1974) found 

that water loss during cooking of bovine sternomandibularis closely followed the longitudinal 

shrinkage of the muscle strips, Purslow et al. (2016) associated the consecutive transverse and 



76 
 

longitudinal shrinkage, and the subsequent volume shrinkage, with the cooking loss of bovine 

semitendinosus. 

Beef is normally stored at refrigeration temperatures to maintain its microbial safety, and the 

cold storage allows activity of proteolytic enzymes which degrade mostly myofibrillar proteins 

(Koohmaraie et al., 2003). The main proteases involved in this process are calpains and 

cathepsins (Koohmaraie, 1996; Huff- Lonergan et al., 2010; Sentandreu et al., 2002). This process 

of protein degradation results in improved tenderness of meat, and it is known as ageing or cold 

storage tenderisation. As there is evidence that ageing and cooking temperature can interact in 

relation to the physical changes of meat shrinkage, texture and cooking loss (Purslow et al, 2016; 

Davey et al., 1976), it is important to explore these changes and their relationships in both 

contexts. While there are multiple studies quantifying meat shrinkage (Davey & Gilbert, 1974; 

Purslow et al., 2016; Bouton et al., 1974; Barbera & Tassone, 2006), few studies conducted 

intermuscular comparisons of the physical changes with ageing (Cho et al. 2016), ageing and 

cooking (Chinzorig & Hwang, 2018), and none in relation to shrinkage. 

The aim of this study was to understand how ageing and cooking to different temperatures 

affects the WBSF, cooking loss and shrinkage of three distinct muscles. The novelty of this study 

includes the investigation of the longitudinal and transverse shrinkage in muscles of different 

characteristics and relating the extent of shrinkage to WBSF and cooking loss, which has not 

previously been reported for semitendinosus (silverside, eye of round), biceps femoris (outside 

flat) and psoas major (tenderloin). The proposed investigation facilitates a more in-depth 

understanding of how muscle characteristics affect physical changes during cooking, leading to 

differences in quality of cooked meat. Semitendinosus, biceps femoris and psoas major muscles 

were chosen as muscles of interest as they have different tenderness, cooking loss, different 

fibre type composition, content of connective tissue and sarcomere length. Semitendinosus is a 

tough muscle with a high cooking loss as reported in some studies (, while biceps femoris has 

been reported as tough or a muscle of intermediate toughness (Rhee et al., 2004; Shackelford 

et al., 1995; Keith et al., 1985; Sullivan & Calkins, 2011) despite the low cooking loss (Rhee et al., 

2004). Psoas major is known as the most tender bovine muscle (Rhee et al., 2004) with 

intermediate cooking loss (Rhee et al., 2004). Semitendinosus is predominately composed of 

type IIB fibres, biceps femoris mostly has type II fibres (IIA and IIB) and less IIB fibres than 

semitendinosus, while psoas major is mostly composed of type I fibres (Kirchofer et al., 2002; 

Hunt et al., 1977). In addition, these three muscles differ in the amount of collagen and the type 

of collagen they contain, the presence of elastin, (Bendall, 1967; Burson & Hunt, 1986; Dashdorj 

et al., 2017; Light et al., 1985), and in their sarcomere lengths (Rhee et al., 2004). 
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5.2. Materials and methods 

5.2.1. Muscle procurement, allocation to ageing treatment, measurement of pH and 

sampling  

Ten semitendinosus, biceps femoris and psoas major muscles were excised from both sides of 

five bovine yearling carcasses, free from hormonal growth promotants, dentition 0–2, with 

average fat depth at the P8 (over the rump)(Warner et al., 2014) of 8 mm (SD ± 2.0) and average hot 

carcass weight of 322 kg (SD ± 45 kg). One muscle from each side of the carcass was randomly 

allocated to an ageing period of either 1 day post mortem (unaged) or 14 days post mortem 

(aged), with the muscle from the other side allocated to the alternate ageing treatment. Ageing 

of 14 days was chosen as it is commonly used for optimising beef eating quality, particularly in 

Australia, and it relates to the plateau in proteolysis and hence tenderization i.e., little 

improvement in tenderness after 14 days (Colle et al., 2016). Muscle pH was measured in 

duplicate using a TPS WP 80 pH meter (TPS Pty Ltd., Brisbane, Victoria, Australia) equipped with 

an IJ-44 electrode (Ionode Pty Ltd., Brisbane, Victoria, Australia) and a temperature 

compensation probe. Thin slices (approximately 50 mm × 10 mm × 3 mm) of the raw muscles 

were cut parallel to the fibre length for measurement of sarcomere length and a sample of 

approximately 3 g was taken for determination of collagen content. The samples for sarcomere 

length were stored at −20 °C while the collagen content samples were stored at −80 °C until 

measurement. 

The muscles allocated to 14 days ageing were stored at 2 °C, after vacuum packaging in 

polyamide, polyetheylene PA/PE 70 bags (Multivac Sepp Haggenmüller SE & Co. KG, 

Wolfertschwenden, Germany) with an oxygen permeability <65 cc/m2/24 h and water 

transmission <5 g/m2/24 h, using a Multivac C100 vacuum packing machine (Multivac). Sampling 

for measurement of physical changes was conducted at 1 day post mortem as well as after 14 

days of ageing. 

5.2.2. Characterization of the muscles 

5.2.2.1. Sarcomere length measurement 

Sarcomere length was measured with a laser diffraction unit (custom built by University of New 

England, New South Wales, Australia). Thin 1-mm slices were shaved from the surface of the 

frozen sample with a scalpel, placed between two microscope slides and the diffraction distance 

was measured. The sarcomere length was calculated as in Equation (1): 

                                            Sarcomere length= 0.635/SIN(ATAN(X/Y))                                               (1) 
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X is the diffraction distance of the sarcomere bands, Y is the calibration distance, measured on 

the device as the distance of the underside of the diffraction surface and the slide holder, SIN is 

abbreviation for sine function and ATAN is abbreviation for arctangent function. The sarcomere 

length of a raw sample from each muscle was calculated as the average of five to eight replicate 

measurements of the diffraction distance. 

5.2.2.2. Collagen content determination 

The samples were freeze-dried (Chamber FD3, Dynavac Engineering, Bayswater, Victoria, 

Australia and vacuum pump RV12, Edwards, Burgess Hill, UK) and the collagen content was 

measured by approximating the amount of hydroxyproline using the method of the Association 

of Official Agricultural Chemists (AOAC), as described by Starkey et al. (2015). Collagen content 

is presented only for unaged samples, as collagen is well-known to have little change during 

ageing post-mortem (Purslow, 2005) and also, any changes in collagen post-mortem are not 

normally reflected in changes in tenderness or shrinkage (Purslow, 2018; Lattore et al., 2018). 

5.2.3. Physical changes during cooking 

5.2.3.1. Method of cooking, measurement of dimensions and weight 

The methods of cooking and measuring dimensions of meat were based on the study of Purslow 

et al. (2016) with slight modifications. Each muscle was cut into twenty (semitendinosus and 

biceps femoris) or fifteen cuboids (psoas major) with dimensions: length 50 mm × width 30 mm 

× height 30 mm. The weight was measured with a balance (Ohaus, Parsippany, New Jersey USA) 

before cooking. The 20 (semitendinosus and biceps femoris) and 15 (psoas major) cuboids, four 

or three, respectively, were randomly assigned to each of the following temperatures: 50 °C, 60 

°C, 70 °C and 80 °C and the same number of cuboids was left raw for further measurement and 

subsampling. A lower number of cuboids per treatment were collected from psoas major 

because of the smaller dimensions of this muscle. A pin was placed on each of the cuboids 

designated for cooking in the top left corner in order to allow re-alignment of sides to be 

measured for shrinkage in the three dimensions after cooking. Measurements of dimensions, 

length, width and height of the cuboid were done with a caliper (Kincrome, Melbourne, Victoria, 

Australia) of one representative edge before and after cooking. The meat cuboids were placed 

in individual transparent PE plastic bags and using standard practice (Honikel, 1987) the bags 

were left open. Marbles were used to prevent the bags from floating, as described in the 

recommended procedure for measuring cooking loss (Honikel, 1987). The bags were then placed 

in a water bath (Julabo F38; John Morris Scientific, Melbourne, Victoria, Australia) pre-heated at 

one of the treatment temperatures − 50, 60, 70 or 80 °C. Samples destined to be treated at the 

same temperature from both ageing periods and from the three muscle types were placed in 
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the same water bath. The procedure was repeated on the same day for the other three cooking 

temperatures, and the order of conducting the temperature treatments was randomized across 

two water baths. Internal temperatures were monitored using temperature T-type 

thermocouples inserted in the core of the sample (Temperature Controls, Yarraville, Victoria, 

Australia). The samples were cooked for a further 30 min. after the desired internal temperature 

was reached (Tc). Maximum difference between bath and internal temperature was 0.75 °C. The 

total cooking time (Tc + 30 min.) was ~ 60 min. Cooking time of ~ 60 min. was used to ensure that 

changes in cooking loss, shear force and shrinkage are completed, as Locker and Daines (1974) 

have shown that 60–80 min. are needed for these changes to reach a plateau in 40-mm 

samples of bovine rectus abdominis. Fixed holding time (30 min.) after reaching the water bath 

temperature (Tc) was used, instead of fixed total cooking time, to standardize the cooking 

method, as a higher water bath temperature would lead to faster heating rate and therefore Tc 

would vary slightly. 

Excess water was removed from the cooked meat with paper towel, it was left to cool, and the 

weight and dimensions of the meat were measured. Figure 5.1 shows an example of muscle 

sampling and cooked meat samples from one carcass. 

 

 

Figure 5. 1 Cuboids from semitendinosus (a), biceps femoris (b) and psoas major (c) cut to 50 mm × 30 mm × 30 mm 

before cooking. (d) Centre of the cuboids from biceps femoris, raw and cooked to 50 °C, 60 °C, 70 °C and 80 °C for 

30 min (Tc + 30 min.). 
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5.2.3.2. Subsampling 

The top section of all raw and cooked cuboids (approximately 50 mm × 30 mm × 15 mm) was 

subsampled and stored overnight at 4 °C for measurement of WBSF. Subsamples of 1 g in total 

were pooled from the four (semitendinosus and biceps femoris) and three cuboids (psoas major) 

of the raw and cooked muscles and used for estimation of the diameter of fibre fragments 

before and after cooking. 

5.2.3.3. Warner- Bratzler shear force (WBSF) 

Two strips (approximately 50 mm × 10 mm × 10 mm) were cut from each sub-sample and WBSF 

was measured perpendicular to the fibre direction, with a texture analyser (Lloyd; Ametek, 

Berwyn, PA, USA) using a triangular Warner-Bratzler blade and a speed of 300 mm/min with a 

load cell of 500 N. The data was obtained from the Nexygen software (Version 3; Bestech, 

Dingley, Victoria, Australia). 

5.2.3.4. Calculation of cooking loss, longitudinal and transverse shrinkage 

The long dimension of the cuboid was used for the calculation of the longitudinal shrinkage, 

while for transverse shrinkage, the product of the width and height, Cross-Sectional Area (CSA), 

was used. 

Cooking loss and shrinkage were calculated as the measurements in cooked meat relative 

to the measurements in raw meat, as in Equation (2). 

𝐶𝑜𝑜𝑘𝑖𝑛𝑔 𝑙𝑜𝑠𝑠, 𝑠ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 =
(𝑤𝑒𝑖𝑔ℎ𝑡,𝑙𝑒𝑛𝑔𝑡ℎ,𝐶𝑆𝐴 (𝑟𝑎𝑤))−( 𝑤𝑒𝑖𝑔ℎ𝑡,𝑙𝑒𝑛𝑔𝑡ℎ,𝐶𝑆𝐴 (𝑐𝑜𝑜𝑘𝑒𝑑))

𝑤𝑒𝑖𝑔ℎ𝑡,𝑙𝑒𝑛𝑔𝑡ℎ,𝐶𝑆𝐴 (𝑟𝑎𝑤)
∗ 100                               (2) 

5.2.3.5. Diameter of fibre fragments obtained by homogenization of cooked meat 

Muscle fibre fragments were prepared from the pooled samples of the raw and cooked cuboids, 

for each treatment within muscle type, ageing period and temperature, according to the method 

of Purslow et al. [7] with slight modifications. Aliquots of meat (1 g) were prepared by 

homogenization in 10 mL cold mannitol buffer (380 mM mannitol, 5 mM potassium acetate, pH 

5.6) using an Ultra Turrax T25, 10 mm head, (IKA Works, Rawang, Selangor, Malaysia) with a 

speed of 11,500 rpm. Each sample was homogenised three times for 10 s with 10 s breaks in 

between homogenisations. A drop of the homogenate was placed on a microscope slide, 

covered with a cover slip and sealed with nail polish. Observations were made with a compound 

microscope (Leica DM750, Wetzlar, Germany) and images of muscle fibre fragments were taken 

with bright field (Leica camera ICC50 W, Wetzlar, Germany) under 200 × magnification (10 × 

ocular × 20 × objective). At least 15 muscle fibres were measured per muscle, ageing and 
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temperature treatment. If there were less than 15 fibres in the field of vision of one slide, an 

additional slide was prepared. 

5.2.4. Data analysis 

Analysis of pH, collagen and sarcomere length for the muscle characterization was done using 

Analysis of Variance (ANOVA) in Genstat (Version 18, VSN International, Hemel Hempstead, UK). 

pH was analysed with muscle and ageing period as fixed factors, while collagen content and 

sarcomere length were analysed with muscle as fixed factor. Physical measurements (WBSF, 

cooking loss, longitudinal and transverse shrinkage) were analysed by Restricted Maximum 

Likelihood Procedure (REML) in Genstat with muscle, aging and temperature as fixed effects and 

carcass number and side of the carcass as random effects. The WBSF data did not fulfil the 

assumptions for normal distribution, therefore a logarithmic transformation of the data (base 

10) was performed. The diameter was analysed with muscle, ageing and temperature as fixed 

factors and carcass as random factor. Regression analysis for the relationship between 

transverse shrinkage and collagen content was conducted in Minitab (Version 19; Minitab, PA, 

USA). The separation of the data for the relationship between longitudinal shrinkage and 

sarcomere length was based on the median (2 µm) of the sarcomere length data. Finally, 

multivariate Principal Component Analysis (PCA) was conducted to identify relationships of the 

shrinkage to WBSF and cooking loss across the muscles in Minitab. 

5.3. Results 

5.3.1. Muscle characterization 

Across the three muscle types, the average pH values of the muscles tested were within the pH 

range for acceptable beef quality (<5.7) (Watson et al., 2008). There was a noticeable increase 

in the pH with ageing in the three muscle types (p<0.01) (Table 5.1). An increase in pH with 

ageing has previously been reported for bovine psoas major (Ma & Kim, 2020) and longissimus 

(Boakye & Mittal, 1993) muscles, and it was associated with a change in charges on the proteins 

as a result of the proteolytic activity and protein degradation post mortem (Boakye & Mittal, 

1993). 

Table 5. 1 Effect of muscle (semitendinosus; biceps femoris; psoas major) and ageing (1 day post mortem vs. 14 

days post mortem) on pH of beef. Values are predicted means. 

Muscle Ageing SED (Ageing) p-Values 

1 Day 14 Days Muscle Ageing Muscle × Ageing 

semitendinosus 5.41 5.49 0.026 >0.05 <0.01 >0.05 

biceps femoris 5.36 5.50 

psoas major 5.48 5.54 
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As expected, psoas major had the longest sarcomere, followed by semitendinosus and biceps 

femoris which had comparable sarcomere lengths (Table 5.2). The sarcomeres of psoas major 

were almost double the length of the sarcomeres of biceps femoris (3.45 and 1.88 µm, 

respectively) (Table 5.2). The collagen content of the muscles followed an opposite order. Biceps 

femoris had the highest amount of collagen, followed by semitendinosus, while psoas major had 

the least amount of collagen (Table 5.2). 

Table 5. 2 Predicted means for sarcomere length (µm) and total collagen content (µg/mg freeze dried tissue) of 

bovine semitendinosus, biceps femoris and psoas major. 

Characteristic Muscle Mean SED (Muscle) p-Value 

Sarcomere length (µm) 

semitendinosus 2.04 0.059 <0.001 

biceps femoris 1.89  

psoas major 3.46  

Total collagen content 
(µg/mg freeze dried tissue) 

semitendinosus 39.25 3.969 <0.001 

biceps femoris 47.40  

psoas major 14.29   

 

5.3.2. Physical changes of bovine muscles with ageing and cooking 

5.3.2.1. Warner- Bratzler Shear force (WBSF) 

Figure 5.2 illustrates the interaction between muscle, ageing period and temperature (p = 0.013) 

for the WBSF. In most treatments (except when unaged psoas major was cooked to 80 °C), psoas 

major had the lowest WBSF amongst the muscles, irrelevant of the treatment (Figure 5.2). 

Ageing for 14 days reduced the WBSF of all muscles (p<0.01). Semitendinosus and biceps femoris 

had a similar response to ageing and temperature, while psoas major showed a distinctly 

different pattern (Figure 5.2). Interestingly, when unaged semitendinosus and biceps femoris 

were cooked to 70 °C and 80 °C, the WBSF was higher than the WBSF at 60 °C by about 10 N 

(Figure 5.2). However, when aged semitendinosus and biceps femoris were cooked to 60 °C, 70 

°C and 80 °C, they remained as tender as when they were cooked at 60 °C (41–49 N) (Figure 5.2). 

Semitendinosus at 70 °C and 80 °C and biceps femoris at 80 °C had greater WBSF cooked as 

unaged, than when cooked after ageing. The WBSF of semitendinosus and biceps femoris cooked 

at 60 °C was 20 N lower than when these muscles were cooked at 50 °C (Figure 5.2). Unaged 

psoas major had a higher WBSF (by at least 6 N) than aged psoas major at all cooking 

temperatures except at 70 °C where the difference was not significant. The only change in shear 

force with the increase in temperature in psoas major occurred when it was cooked at 70 °C, 

when the shear force increased by ~12 N compared to 50 °C and 60 °C (Figure 5.2). 
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Figure 5. 2 Effect of ageing (1 day post mortem vs. 14 days post mortem) and cooking temperature (50 °C, 60 °C, 70 

°C and 80 °C) on Warner–Bratzler shear force (WBSF) of bovine semitendinosus, biceps femoris and psoas major. 

Cooking time was 30 min. after reaching the defined temperature (Tc + 30 min). Primary y-axis depicts means 

obtained by analysis of log-transformed data, and secondary y-axis shows back-transformed values of the primary 

axis. p (muscle) <0.001, p (ageing) =0.006, p (temperature) <0.001, p (muscle × ageing) =0.78, p (muscle × 

temperature) <0.001, p (ageing × temperature) < 0.001, p (muscle × ageing × temperature) =0.013. 

5.3.2.2. Cooking loss 

There was an interaction between ageing and temperature on cooking loss for all three muscles 

(p<0.001) (Figure 5.3). Semitendinosus had a significantly greater cooking loss than biceps 

femoris at all cooking temperatures (Figure 5.3). Aged muscles had a 3% greater cooking loss 

than unaged muscles across all cooking temperatures and muscles (p(muscle)<0.01). The muscle 

type and the cooking temperature had a significant interaction effect on the cooking loss (p 

(muscle × temperature) < 0.001). The cooking loss gradually increased with the increase in 

temperature, and it ranged between 7% and 11% at 50 °C, between 17% and 21% at 60 °C, and 

between 29 and 32% at 70 °C (Figure 5.3). At the maximum cooking temperature used in this 

study 80 °C, the cooking loss was greatest in semitendinosus (40%), followed by biceps femoris 

(38%) and psoas major (34%). 
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Figure 5. 3 Effect of ageing (1 day post mortem vs. 14 days post mortem) and cooking temperature (50 °C, 60 °C, 70 

°C and 80 °C) on cooking loss of bovine semitendinosus, biceps femoris and psoas major. Cooking time was 30 min. 

after reaching the defined temperature (Tc + 30 min.). Values are least square means and vertical bar on the left is 

the least significant differences (LSDs) for the three-way interaction muscle × ageing × temperature. Main effects 

were as follows: p (muscle) <0.001, p (ageing) =0.004, p (temperature) <0.001. Two-way interaction effects were 

as follows: p (muscle × temperature) <0.001; p (ageing × temperature) <0.001, p (muscle × ageing) >0.05. There was 

no three-way interaction effect p (muscle × ageing × temperature) >0.05. 

 

5.3.2.3. Shrinkage 

The longitudinal shrinkage was dependent on the interaction between muscle, ageing 

period and cooking temperature (p (muscle × ageing × temperature) < 0.01) (Figure 5.4). At 50 

°C, there was no significant longitudinal shrinkage except for minimal shrinkage in unaged biceps 

femoris (Figure 5.4). At 60 °C, aged semitendinosus and both unaged and aged psoas major had 

their onset of longitudinal shrinkage (the onset calculated as the value exceeding the Least 

Significant Difference (LSD) of 3.5%), but the shrinkage only ranged between 4% and 7% (Figure 

5.4). At 70 °C and 80 °C, psoas major had the greatest longitudinal shrinkage among the muscle 

types, followed by semitendinosus and the least longitudinal shrinkage occurred in biceps 

femoris (Figure 5.4). There was a trend of a greater longitudinal shrinkage of cuboids from 

unaged biceps femoris (at 50 °C, 60 °C and 80 °C) and psoas major (at 70 °C and 80 °C) compared 

to their aged counterparts (Figure 5.4). As the magnitude of longitudinal shrinkage 

corresponded to the sarcomere length across the three muscles, boxplots were used to illustrate 

the separation in the data, based on the median sarcomere length (2 µm). Muscles with 

sarcomere length longer than 2 µm had greater longitudinal shrinkage than muscles with 

sarcomere length shorter than 2 µm when cooked at 70 °C and 80 °C (Figure 5.5c, d), but not 

when cooked at lower temperatures. 
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Figure 5. 4 Effect of ageing (1 day post mortem vs. 14 days post mortem) and cooking temperature (50 °C, 60 °C, 70 

°C and 80 °C) on longitudinal shrinkage of bovine semitendinosus, biceps femoris and psoas major. Cooking time 

was 30 min. after reaching the defined temperature (Tc + 30 min.). Values are least square means and vertical bars 

are least significant differences (LSDs) for the three-way interaction muscle × ageing × temperature. Main and 

interactive effects were as follows: p (muscle) <0.001, p (ageing) =0.052, p (temperature) <0.001, p (muscle × 

ageing) =0.063, p (muscle × temperature) <0.001, p (ageing × temperature) <0.633, p (muscle × ageing × 

temperature) =0.002. 

 

Figure 5. 5 Relationship between longitudinal shrinkage and sarcomere length. Boxplot of the longitudinal 

shrinkage of muscles with <2 and >2 µm sarcomere length; cooked to (a) 50 °C, (b) 60 °C, (c) 70 °C, (d) 80 °C; N = 82. 

A 2-µm threshold was chosen as median of the dataset. Data were combined from three bovine muscles 

(semitendinosus, biceps femoris and psoas major) from five carcasses. Cooking time was 30 min. after reaching the 

defined temperature (Tc + 30 min.). Asterisks indicate extreme outliers. 

 

Most of the transverse shrinkage (18–22%) had already occurred at cooking temperature of 50 

°C in all muscle types (Figure 5.6). Ageing period only affected the transverse shrinkage of the 

cuboids of biceps femoris showing a greater transverse shrinkage in unaged than in aged 
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condition (p (muscle × ageing) < 0.001) (Figure 5.6). Biceps femoris and semitendinosus showed 

a greater transverse shrinkage at 70 °C compared to 50 °C, and no further increase in transverse 

shrinkage when cooked to 80 °C (p (muscle × temperature) < 0.001) (Figure 5.6). Interestingly, 

an increase in transverse shrinkage in psoas major from 50 to 60 °C, was followed by a decrease 

from 60 to 70 °C and 80 °C (Figure 5.6). Thus, the only significant difference in transverse 

shrinkage between the muscle types was that at 70 °C and 80 °C, when psoas major had the 

smallest transverse shrinkage relative to the other two muscles. Biceps femoris and 

semitendinosus had a greater transverse shrinkage than psoas major at when cooked at 80 °C, 

indicating a potential association between the collagen content of the muscles and the 

transverse shrinkage, and therefore a regression analysis was conducted as presented in Figure 

5.7a–d. Muscles that had greater collagen content, had greater transverse shrinkage after 

cooking at 70 °C and 80 °C (Figure 5.7c,d). 

 

Figure 5. 6 Effect of ageing (1 day post mortem vs. 14 days post mortem) and cooking temperature (50 °C, 60 °C, 70 

°C and 80 °C) on transverse shrinkage of bovine semitendinosus, biceps femoris and psoas major. Cooking time was 

30 min. after reaching the defined temperature (Tc + 30 min.). Values are least square means and vertical bars are 

least significant differences (LSDs) for the three-way interaction muscle × ageing × temperature. There was no two-

way interactive effect of ageing × temperature nor three-way interaction of muscle × ageing × temperature (p > 

0.05). Main effects were as follows: p (muscle) <0.001, p (ageing) =0.159, p (temperature) =0.008. Significant 

interactions were as follows: muscle × temperature p < 0.001, and muscle × ageing p <0.001. 
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Figure 5. 7 Regression analysis of the relationship between transverse shrinkage and collagen content. Samples 

cooked at (a) 50 °C, (b) 60 °C, (c) 70 °C, (d) 80 °C for 30 min (Tc + 30 min.). The p-value presents the significance of 

the regression, R2 is percent variance of transverse shrinkage explained by collagen content. 

Transverse shrinkage on a fibre level was estimated by observing the diameters of fibre 

fragments isolated from raw and cooked muscle (Figure 5.8). There was a three-way interaction 

of the muscle, ageing period and temperature on the diameter of the fibre fragments isolated 

from raw and cooked meat (p < 0.05). It was evident that muscle fibre fragments from psoas 

major had the smallest diameter amongst the muscles within each temperature treatment of 

the unaged muscles and in raw aged muscles (Figure 5.8). The largest change in the diameters 

of the fibre fragments was the greater reduction in diameter of unaged semitendinosus and 

biceps femoris with cooking (10 - 15 µm reduced diameter), compared to the change in the 

diameter in the fragments of aged meat with cooking (<  10 µm) (Figure 5.8); which is also 

evident at the example microscopy images in Supplementary data Figure 5.S. 1. In relation to 

temperature, the changes in diameter were more apparent between raw and cooked meat, 

compared to the changes in diameter of fibre fragments with increasing temperatures (Figure 

5.8). 



88 
 

 

Figure 5. 8 Effect of ageing (1 day post mortem vs. 14 days post mortem) and cooking temperature (raw, 50 °C, 60 

°C, 70 °C and 80 °C) on diameter of fibre fragments obtained by homogenization of bovine raw and cooked 

semitendinosus, biceps femoris and psoas major. Cooking time was 30 min. after reaching the defined temperature 

(Tc + 30 min.). Values are least square means and vertical bars are least significant differences (LSDs) for the three-

way interaction muscle × ageing × temperature. Main and interactive effects were as follows: p (muscle) <0.001, p 

(ageing) <0.001, p (temperature) <0.001, p (muscle × ageing) <0.001, p (muscle × temperature) <0.001, p (ageing × 

temperature) <0.001, p (muscle × ageing × temperature) =0.011. 

 

5.3.3. Multivariate analysis of the relationships between shrinkage and 

WBSF/Cooking loss: ageing and cooking temperature 

The score plot of the PCA analysis (Figure 5.9a), in conjunction with the loading plot (Figure 5.9b) 

indicated that cooking temperature was the dominating factor affecting the measured variables 

(WBSF, cooking loss, longitudinal and transverse shrinkage) since the PC1 component explained 

41.6% of the variance of the data and it clearly separated the temperature treatments. The score 

plot (Figure 5.9a) also illustrates that ageing period is an important factor, since the PC2 

component roughly separated the data on ageing period, explaining 26.5% of the variance of 

the data. The distances between the vectors in the loading plot in Figure 5.9b demonstrated that 

longitudinal shrinkage was a greater contributor to cooking loss, and transverse shrinkage 

contributed more to WBSF. The score plot (Figure 5.9a) in conjunction with the loading plot 

(Figure 5.9b) demonstrate that the increase in temperature is positively correlated to the 

longitudinal shrinkage and cooking loss, while the ageing of 14 days is correlated to a decrease 

in WBSF and transverse shrinkage. 
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Figure 5. 9 Relationship between the physical changes [Warner- Bratzler shear force (WBSF), cooking loss, 

shrinkage] of bovine semitendinosus, biceps femoris and psoas major. Principal component analysis (PCA) analysis 

of the physical changes of bovine semitendinosus, biceps femoris and psoas major with ageing and cooking. (a) 

Score plot labelled by ageing period and temperature; (b) loading plot corresponding to the PCA analysis in (a). 

5.4. Discussion 

5.4.1. Changes in Warner- Bratzler shear force (WBSF) with ageing and cooking 

It is well known that meat tenderizes with ageing through disruption of the structure, mainly 

through proteolysis of myofibrillar proteins such as titin, nebulin and desmin (Koohmaraie, 

2006). Cooking related tenderization, on the other hand, is often related to solubilization of 

collagen. The consistently higher WBSF of unaged psoas major at most cooking temperatures, 

relative to the aged psoas major, is interesting and offers evidence that even a very tender 

muscle, such as psoas major, can still undergo tenderization during ageing, although oxidative 

muscles are normally less prone to proteolysis (Quali, 1992). The comparable WBSF between 

ageing periods in semitendinosus and biceps femoris cooked at 60 °C agrees with the results of 

Lewis et al. (1991) who found the same breaking strength in perimysium of unaged and aged 

semitendinosus when cooked at 60 °C (role of perimysial collagen on WBSF at 60 °C is discussed 

below). In contrast, for the semitendinosus and biceps femoris at 70 °C and 80 °C, the increase 



90 
 

in WBSF in unaged meat (Figure 5.2) was likely related to a protein that is prone to proteolysis, 

therefore changes with ageing, and that also denatures in this temperature region. Two 

myofibrillar proteins, actin and titin, are known to denature at 78–82 °C (Stabursvik & Martens, 

1980; Findlay & Stanley; 1984) and 78.4 °C (Pospiech, 2002), respectively, and among them, titin 

can be degraded during ageing (Lusby et al., 1983; Huf- Lonergan, 1995). Degradation of titin 

during ageing is a well-established concept and it has been shown that intact titin is degraded 

by proteolytic enzymes to T1-2 and T2 (Huff- Lonergan et al.,, 1995). The lower WBSF of aged 

semitendinosus and biceps femoris compared to unaged muscles at 70 °C and 80 °C is potentially 

a consequence of the proteolysis of titin during ageing. Degraded titin causes disrupted 

sarcomeric structure and hence likely results in lower WBSF in aged semitendinosus and biceps 

femoris at 70 °C and 80 °C. 

It is well-known that cooking temperature influences WBSF. Bouton et al. (1975) and Moller et 

al. (1981) associated changes in peak WBSF at 60 °C and 80 °C to changes in connective tissue 

and myofibrillar proteins, respectively. In general, denaturation and solubilization of connective 

tissue proteins (collagen) at 60 °C leads to tenderization of meat (Hamm, 1966), while 

denaturation of myofibrillar proteins at 40–54 °C (myosin) and 66–73 °C (actin) leads to 

toughening of meat (Martens et al., 1982, Ishiwatari et al., 2013). Therefore, the reduced WBSF 

of semitendinosus and biceps femoris when cooked at 60 °C compared to raw condition and 

50 °C (Figure 5.2) was probably due to denaturation and solubilization of collagen (Hamm, 1966), 

which normally is pronounced with long time cooking (Dominguez-Hernandez et al., 2018) . It is 

logical that collagen solubilization reduces the WBSF of muscles rich in collagen such as 

semitendinosus and biceps femoris, but not in muscles low in collagen such as psoas major 

(Figure 5.2). Christensen et al. (2000) also found a similar decrease in tenderness between 50 

and 60 °C in bovine semitendinosus aged for 2 days and cooked for one hour. It is interesting to 

note that the change in WBSF with the increase in temperature in psoas major in our study 

(Figure 5.2) was similar to the modelled change of tensile breaking strength of single muscle 

fibres of semitendinosus in the study of Christensen et al. (2000), indicating the importance of 

the myofibrillar component in the tenderness of psoas major. 

5.4.2. Changes in cooking loss with ageing and cooking 

Cooking loss of meat is a consequence of protein denaturation caused by heat, with less water 

held by capillary forces in the structure (Aaslyng et al., 2003). The maximum cooking loss of 

psoas major was similar to that previously reported in Hanwoo beef (Cho et al., 2016). The lower 

water-holding capacity of semitendinosus and biceps femoris than psoas major at 80 °C agrees 

with findings that muscles, predominately of fibre type IIB, retain less water during cooking 

relative to those with more type I (Kim et al., 2013). The cooking loss of semitendinosus was 
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consistently than the cooking loss of biceps femoris at all cooking temperatures. While the main 

differences between semitendinosus and biceps femoris in connective tissue are the greater 

elastin content (Bendall, 1967) and lower amount of collagen I and III in semitendinosus (Burson 

& Hunt, 1986) compared to biceps femoris, it is difficult to attribute the differences in cooking 

loss to either of these. Elastin is known to be very thermostable up to 80 °C, and starts to 

denature at temperatures above 80 °C (Astruc et al., 2012). In addition, the role of different 

types of collagen in relation to meat texture (Light et al., 1985) and cooking loss is not fully 

understood and requires further investigation. Across the muscles and temperatures, the lowest 

cooking loss was observed for psoas major at 80 °C, suggesting collagen likely plays a role in the 

shrinkage and eventually in the low cooking loss as psoas major had the lowest collagen content. 

The greater cooking loss of aged compared to unaged bovine muscles has been reported 

previously for 1 days aged vs. 0 days aged psoas major and semitendinosus (Nair et al., 2019); 

14 days vs. 1 day aged semitendinosus (Purslow et al., 2016), 14 days vs. 2 days aged biceps 

femoris (Colle et al., 2016), 14 days vs. 1 day aged longissimus (Shanks et al., 2002), and 14 days 

vs. 2 days aged longissimus (Lagerstedt et al., 2008). In contrast, one study reported similar 

cooking loss between aged and unaged bovine semimembranosus (Colle et al., 2016). While it is 

known that aged meat has a better water holding capacity when measured in raw meat, it 

appears that the water bound in the raw aged meat is easier to release during cooking in 

comparison with water in unaged meat. Purslow et al. (2016) related this to the degradation of 

sarcoplasmic proteins during aging that would drag water along with them as they are lost in 

the expelled juice upon cooking. In addition, the difference in cooking loss between aged and 

unaged muscle might lie in the chemical nature of the bonds formed between the degraded 

cytoskeletal proteins and the water during aging, that could be more sensitive to heat. In 

addition, it has been shown that water in the muscle moves from the intracellular to the 

extracellular compartments during aging (Kristensen & Purslow, 2001) and potentially can be 

expelled more easily from the structure in aged meat because of its location and because it is 

not embedded in the filament network. The largest increment of change in cooking loss between 

60 and 70 °C differs to the study of Palka and Daun (1999) who found the largest increase in 

cooking loss to be between 50 and 60 °C in bovine semitendinosus. 

5.4.3. Changes in shrinkage with ageing and cooking 

Across the three muscles, the greatest longitudinal shrinkage was found in the psoas major and 

the association between longitudinal shrinkage and sarcomere length (Figure 5.5) in our study 

agrees with Dube et al. (1972) who found that greater sarcomere length in bovine psoas major, 

resulted in higher sarcomere shortening relative to longissimus (which had a shorter sarcomere 

length) (Dube et al., 1972). In other muscles, a similar relationship has been found, where 
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stretched semitendinosus has been found to have greater longitudinal shrinkage than cold 

shortened semitendinosus [10]. Lepetit et al. (2000) also found a greater longitudinal shrinkage 

in normal compared to contracted samples of semimembranosus and longissimus dorsi. The 

overall longitudinal shrinkage of the muscle cuboids of psoas major in our study was greater 

(~30%) than the 24% sarcomere shortening in the study of Dube et al. (1972), as well as 

compared to the 22.1% shrinkage of stretched semitendinosus in the study of Bouton et al. 

(1976). The smaller longitudinal shrinkage of aged biceps femoris and psoas major cooked to 80 

°C, compared to the unaged samples cooked to the same temperature, indicated a potential role 

of undegraded proteins such as titin in the process of longitudinal shrinkage. However, we did 

not find an effect of ageing on the longitudinal shrinkage of cuboids from semitendinosus and 

this agrees with the study of Purslow et al. (2016) on the same muscle. In another study we have 

conducted on a microscopic level, we also found a lower longitudinal shrinkage in fibre 

fragments from aged compared to unaged semitendinosus, biceps femoris and psoas major 

when cooked at temperatures >70 °C (Chapter 6 (Vaskoska et al., 2020c)). The onset of the 

longitudinal shrinkage at 65–70 °C in our study agrees with previous studies of longitudinal 

shrinkage in whole meat (psoas major, semitendinosus) (Hostetler & Landmann, 1968; Purslow 

et al., 2016) and it has been associated with the denaturation of actin (Purslow et al., 2016). 

In relation to transverse shrinkage, an interesting phenomenon is the decrease in transverse 

shrinkage of psoas major cuboids at temperatures > 60 °C (Figure 5.6). Two scenarios are 

possible during cooking of cuboids of psoas major: (i) they did not shrink at all in their cross-

sectional area (CSA) when cooked at ≥ 70 °C, or (ii) they shrunk and subsequently expand 

because of the intense longitudinal shrinkage occurring at these temperatures. These results 

correspond to the results of Locker and Daines (1976) who found 20% swelling in the thickness 

of strips from psoas major. The absence of difference in the transverse shrinkage of unaged and 

aged cuboids of semitendinosus and psoas major, coincides with the results of Purslow et al. 

(2016) who did not find any difference with aging in semitendinosus cuboids and this is also 

supported by the work of Latorre et al. (2018) who claimed that aging does not affect the 

thermal shrinkage force of the perimysium in semitendinosus (assuming collagen has a role in 

the process). The greater transverse shrinkage of unaged compared to aged biceps femoris can 

hypothetically be explained by the role of cytoskeletal proteins that might be affected by ageing 

in the process of transverse shrinkage, assuming that they need to be in undegraded condition 

to contribute to the transverse shrinkage. Transverse shrinkage was already underway at the 

lowest temperature used in this study, indicating the important role of myosin denaturation in 

the transverse shrinkage (Purslow et al., 2016), as myosin is known to denature between 40 and 

60 °C (Martens et al., 1982). The distinctively greater transverse shrinkage of biceps femoris at 
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50 °C, the consistently greater transverse shrinkage of biceps femoris than semitendinosus, as 

well as the lowest transverse shrinkage of psoas major at 70 °C and 80 °C, can be associated with 

the connective tissue content that appears to have a role, in addition to myosin, in the process 

of transverse shrinkage. This hypothesis, explored visually in Figure 5.7, warranted further 

investigation using more extensive characterization of collagen types, solubility, and cross-links, 

as other authors have found no additional contribution of collagen content to transverse 

shrinkage over and above myosin (Purslow et al., 2016). While it is expected that perimysial 

collagen shrinks longitudinally at 64.5 °C (Mohr & Bendall, 1969), other authors believe that 

orientation of the collagen fibrils will change in relation to the sarcomere length (Lepetit et al., 

2000). Purslow and Trotter (1994) demonstrated that collagen fibrils at longer sarcomere 

lengths orient at a lower angle compared to shortened fibres where it forms a bigger angle, 

hence more circumferential orientation. This would imply that the orientation of collagen fibrils 

in psoas major may differ from the orientation in the other two muscles (semitendinosus and 

biceps femoris). If collagen orientation is dependent on sarcomere length and has a role in both 

transverse and longitudinal shrinkage as suggested in some studies (Bouton et al., 1976), it is 

not surprising that biceps femoris has the greatest transverse shrinkage and psoas major has the 

greatest longitudinal shrinkage. However, the contribution of sarcomere length to the 

longitudinal shrinkage could also be related to a longer I-band which occurs in stretched 

sarcomeres, allowing more space for filament shrinkage. Other authors have speculated that 

there is no evidence of the I-band shrinking more than the A-band, therefore questioning the 

relationship between the I-band length and the longitudinal shrinkage (Bouton et al., 1976). 

Alternatively, there are theories for meat shrinkage where collagen is considered not to be a 

major contributor to meat shrinkage (Purslow et al., 2016) or that it acts as a restraint to the 

myofibrillar shrinkage (Purslow et al., 1989).  

5.4.4. Relationships between Warner- Bratzler shear force (WBSF), cooking loss and 

ahrinkage as affected by ageing and cooking  

The relationship between longitudinal shrinkage and cooking loss has also been previously 

reported and the concurrent increase in WBSF with the increase in cooking temperature (Figure 

5.9a) agrees with other studies (Davey & Gilbert, 1974). It is well-known that ageing reduces 

WBSF as shown in Figure 5.9a by their association. However, the positive relationship between 

WBSF and transverse shrinkage does not align with the findings that thinner muscle fibres lead 

to greater tenderness (Hiner et al., 1953). On the other hand, the greater transverse shrinkage 

associated with unaged meat reiterates the findings for biceps femoris (Figure 5.6) and indicates 

a role of a protein (potentially cytoskeletal) which is affected by ageing for the initiating or 

conducting of the force driving the observed transverse shrinkage in biceps femoris.  
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5.5. Conclusions 

The effect of ageing and cooking at 50 to 80 °C on the WBSF of beef was muscle- and 

temperature-dependent. Semitendinosus and biceps femoris showed a similar response, which 

was distinct from the response of the psoas major. Ageing reduced the WBSF of semitendinosus 

and biceps femoris at 80 °C, but not at 60 °C while ageing reduced the WBSF of psoas major at 

cooking temperatures of 50 °C, 60 °C and 80 °C. Cooking loss increased with ageing and cooking 

temperature. Longitudinal shrinkage of the bovine muscles occurred mostly at 70 °C and 80 °C 

and it was reduced by ageing in biceps femoris and psoas major. The highest level of transverse 

shrinkage occurred at the lowest cooking temperature (50 °C), and the transverse shrinkage in 

biceps femoris was reduced by ageing. Muscles with high levels of collagen (semitendinosus and 

biceps femoris) had greater transverse shrinkage during cooking, while the psoas major, with 

much longer sarcomere length, showed greater longitudinal shrinkage. Transverse shrinkage 

was related to the WBSF and longitudinal shrinkage was related to the cooking loss.  
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5.7. Appendix 

 

Figure 5.S. 1 Example microscopy images of fibre fragments obtained by homogenization of unaged (1 day post 

mortem) or aged (14 days post mortem) and raw or cooked (to 50 °C, 60 °C, 70 °C and 80 °C) semitendinosus, biceps 

femoris and psoas major from one carcass. Images obtained at 200× magnification, bar at top left equals 200 µm. 
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CHAPTER 6 

Chapter 6 investigates the effect of ageing, cooking temperature and proteases (cathepsin 

activity) on the structural shrinkage of beef, but distinctively to Chapter 5 this chapter is focused 

on a fibre fragment level and includes one more factor which is enzyme inhibition. It uses the 

same muscles/muscle types as Chapter 5 therefore the outcomes are relatable. 

This chapter is accepted for publication by the journal Meat Science. 
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Abstract 

This study examines the effects of ageing (1, 14 days), cathepsin inhibition (No or Yes) and 

temperature (25-90oC) on the shrinkage of fibre fragments from three bovine muscles 

(semitendinosus, biceps femoris and psoas major) during heating. Shrinkage was quantified 

using light microscopy images. Muscle fibres (except in psoas major) had greater transverse 

shrinkage, and less longitudinal shrinkage in aged than in unaged muscles at temperatures ≥60-

75°C. In addition, cathepsin inhibition during heating at ≥65-90°C caused greater transverse 

shrinkage in semitendinosus fibres, and reduced longitudinal shrinkage for all muscles. At 

temperatures ≥75°C, the longitudinal and transverse shrinkage of the fibres was correlated for 

all muscles. Ageing of semitendinosus and biceps femoris increases volume shrinkage on a fibre 

level, and hence potentially cooking loss, while cathepsin activity in the semitendinosus reduces 

volume shrinkage. In conclusion, cathepsin activity and ageing influence the shrinkage that 

occurs during heating and these factors should be explored further to enable optimisation of 

thermal meat processing. 

 

Keywords: meat, muscle fibre, heating, cathepsin, longitudinal shrinkage, transverse shrinkage  



103 
 

6.1. Introduction 

Understanding meat shrinkage and water loss for different muscle types is important in 

optimisation of heating and other processing conditions. Shrinkage in meat and the loss of fluid 

of meat during cooking (cooking loss) are interrelated (Hostetler & Landmann, 1968; Offer & 

Trinick, 1983). Offer and Trinick (1983) classified water loss during cooking as a consequence of 

shrinkage of the filament lattice. On the other hand, Hostetler and Landmann (1968) stated that 

the cooking-related shrinkage is partly due to the expulsion (dripping cooking loss) and partly 

due to evaporation (evaporative cooking loss) of water during cooking. However, shrinkage and 

cooking loss are both a consequence of the process of protein denaturation associated with 

heating of meat (Offer & Trinick, 1983). Heat-induced shrinkage of meat has been explored on 

different levels of structural organisation; muscle pieces including steaks, strips, blocks (Barbera 

& Tassone, 2006; Bendall & Restall, 1983; Bouton et al., 1976; Purslow et al., 2016), muscle 

bundles (Bendall & Restall, 1983), single dissected fibres (Bendall & Restall, 1983), fibre 

fragments (Hostetler & Landmann, 1968; Purslow et al., 2016) and myofibrils (Purslow et al., 

2016). The key differences in connective tissues between the various levels of structural 

organization in a muscle are that: perimysium and endomysium are present in muscle pieces 

and bundles; only endomysium is present in dissected fibres and fibre fragments; while 

connective tissue is absent in myofibrils.  

Fibre fragments have been used as a model system in previous studies to understand meat 

shrinkage and they can provide useful insights about the contribution of the muscle fibres to the 

process of shrinkage of a cut of meat (Bendall & Restall, 1983; Hostetler & Landmann, 1968). 

Heating of single fibres/fibre fragments on a microscope stage allows continuous observation 

under conditions of carefully controlled temperature and rates of heat transfer. Historically, 

heating of fibre fragments was initially attempted on flat microscope slides heated with a 

heating element and cooled with water (Hostetler & Landmann, 1968). The fibre fragments of 

longissimus thoracis et lumborum were obtained by homogenization in a saline solution and 

observed whilst the temperature was continuously increased up to 80°C and on incubation at a 

constant temperature (37°C, 45°C, 53°C, 61°C, 69°C, 77°C) (Hostetler & Landmann, 1968).  Later, 

Bendall and Restall (1983) isolated single myofibres of psoas major 1 cm in length and heated 

them in a Na citrate buffer in a well-slide on a microscope stage.  

Proteolysis is a biochemical event that largely affects meat tenderness and water- holding 

capacity. Ageing of raw meat has been largely attributed to proteolysis by calpains (Koohmaraie 

& Geesink, 2006) and there is evidence that these processes primarily affect titin, nebulin and 

desmin (Lusby et al., 1983; Taylor et al., 1995). A less researched aspect of the contribution of 

proteolysis to meat quality is the potential enzymatic proteolytic activity during cooking, 
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particularly of a class of endogenous enzymes called cathepsins. Cathepsins are enzymes located 

in the lysosomes of the muscle cell and they are potentially released during ageing (Spanier et 

al., 1990) and cooking (Christensen et al., 2011) of meat. Research has shown that cathepsins B, 

L and D retain 43-86 % activity in meat at temperatures between 55°C and 58°C (Draper & Zeece, 

1989; Kurth, 1986; Spanier et al., 1990), and 21-27 % of cathepsin activity was still remaining at 

70°C (Kurth, 1986; Spanier et al., 1990). Wang et al. (2013) reported no reduction in cathepsin 

activity during cooking at temperatures lower than 70°C and found a strong negative correlation 

between the activity of cathepsin D and the Warner Bratzler-shear force. Christensen at al. 

(2011) even noted an increase in the cathepsin B+L activity with heating of porcine longissimus 

thoracis et lumborum and semitendinosus to 63°C by measuring the release of enzyme in the 

cooking loss. Enzyme inhibition is a useful approach for identifying the effect of the enzyme in 

the analysed process, and it has been used in meat science to determine the role of the enzyme 

on tenderness and cooking loss (Hopkins & Thompson, 2001; Purslow et al., 2016). Enzyme 

activity during cooking of meat is particularly interesting since it is well known that heating leads 

to changes in the secondary, tertiary and quaternary structure of meat proteins as main 

constituents of meat. Therefore enzymes, if not denatured themselves, might favour the 

denatured condition of the proteins in order to act on the primary structure (Christensen et al., 

2013; Schwartz & Bird, 1977).  

Recently, Purslow at al. (2016) conducted a study of the effect of ageing and protease activity 

on the shrinkage of fibre fragments as models for the shrinkage of meat. They obtained fibre 

fragments of unaged and aged semitendinosus by homogenization and heated them in a 

mannitol buffer +/- protease inhibitor in concave slides on a microscope stage and observed the 

changes in dimensions using a confocal microscope. This resulted in the preliminary evidence 

that proteolysis during post- mortem ageing and cooking affects the dynamics of shrinkage of 

whole meat (cuboids) and fibre fragments of bovine semitendinosus (Purslow et al., 2016). 

Therefore, it appears necessary to explore the effect of proteolysis during ageing as well as 

during cooking by cathepsins, as a relevant class of enzymes, in more muscles of distinct nature. 

Employing this approach, in the current study, we test the effect of ageing period and cathepsin 

activity on the process of thermally induced shrinkage of fibre fragments from three muscle 

types. We investigate three muscles that according to previous research differ in their cooking 

loss (biceps femoris>psoas major> semitendinosus) and their fibre type (psoas major being 

predominately type I and semitendinosus and biceps femoris being predominately IIX (Hunt & 

Hedrick, 1977; Kirchofer et al., 2002)). Additionally, psoas major is known to have much longer 

sarcomere than semitendinosus and biceps femoris (Herring et al., 1965).   
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6.2. Materials and methods 

6.2.1. Isolation and preparation of fibre fragments  

Semitendinosus, biceps femoris and psoas major muscles were removed from both sides of five 

bovine carcasses with average weight of 322 ± 45 (standard deviation) kg at one day post 

slaughter. The muscle from one randomly chosen side was processed on the day after collection, 

1-day ageing, and the muscle from the other side was aged in a vacuum bag at 1-2°C and 

processed after 14 days ageing. The ageing periods of 1 and 14 days are also referred to as 

unaged and aged meat respectively, throughout the manuscript. The pH of meat at the end of 

each ageing period was measured with a pH meter TPS WP 80 (TPS Pty Ltd, Brisbane, Victoria 

Australia) with IJ 44 electrodes (Ionode Pty Ltd., Brisbane, Victoria Australia) and a temperature 

probe which allowed for temperature compensation. The electrode and pH meter were 

calibrated at the start of measurements, and at regular intervals, using buffers of pH 4.00 and 

7.00. On the day of ageing specified by the treatment (1 or 14 days ageing), and for each muscle, 

three small samples, weighing a total of 1 g, were removed from several depths and locations in 

each muscle and these samples were pooled within each muscle. These samples, from both 

ageing periods, were homogenized with an Ultra-Turrax T25 homogenizer (IKA, Shaufen, 

Germany) with a 10mm probe and a speed of 11500 rpm, in one of two treatment buffers being 

(i) control, mannitol buffer (380 mM mannitol, 5mM potassium acetate, pH 5.6), as described 

by Purslow et al. (2016) or (ii) PADK cathepsin inhibitor buffer, mannitol buffer with 0.2 mM 

cathepsin protease inhibitor Z-Phe-Ala-diazomethylketone (PADK, Bachem AG, Bubedorf, 

Switzerland) dissolved in 20 % (v/v) DMSO (Thermo Fischer Scientific, Waltham, Massachusetts 

USA). The mannitol buffer is used to ensure that the homogenisation solution is iso-osmic and 

does not lead to weight change in the fibre (Winger & Pope, 1981). Z-Phe-Ala-

diazomethylketone is commercially advertised as an inhibitor of cathepsin B, H, L and S, and has 

been shown to completely inhibit cathepsin B and L activity in ovine meat at the concentration 

chosen for this study (Hopkins & Thompson, 2001). The homogenization was conducted three 

times, with a 10 s breaks between each homogenisation, and all homogenisation was conducted 

on ice, according to the method of Purslow at al. (2016).  

6.2.2. Staining of collagen on semitendinosus fibre fragments 

To demonstrate the presence and quantity of collagen/endomysium surrounding the fibre 

fragments, staining was conducted with a PicroSirius Red staining procedure modified from a 

procedure for staining of tissue sections (Junqueira et al., 1979; Puchtler et al., 1973). PicroSirius 

Red is known to stain collagen with a red colour and muscle fibres with yellow colour. One g of 

muscle was removed from one representative semitendinosus muscle and the sample was 
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homogenized in 10 ml of the mannitol buffer described above. One ml of the homogenate, with 

fibre fragments in suspension, was placed in an Eppendorf tube and 2 µl of phosphomolybdenic 

acid (Sigma, St. Louis, Missouri, United States) was added and left to incubate for 5 minutes at 

room temperature. The phosphomolybdic acid was added, since without it, there is a possibility 

of the yellow muscle fibre staining to obscure the staining of thin layers of collagen (Dolber & 

Spach, 1987). The homogenate was then centrifuged at 600 x g (Eppendorf Mini Spin Plus, 

Eppendorf, Hamburg, Germany) for 1 minute, the supernatant was removed and 500 µl of 

PicroSirius Red stain (0.1 % Sirius Red in saturated Picric acid) (Sigma, St. Louis, Missouri, United 

States) was added to the homogenate and incubated for 90 minutes at 37°C. After incubation, 

centrifugation at 600 x g for 1 minute was conducted, and 1 ml of 0.01 N HCl was added to the 

pellet which was then vortexed and left to incubate for 5 minutes at room temperature. After 

removal of the HCl by centrifugation at 600 x g, the pellet (fibre fragments) was washed three 

times by adding 1 ml of mannitol buffer, mixed by vortexing, centrifugation and repeated. A 

drop of the stained homogenate was then placed on a glass slide and observed with a light 

microscope (Leica DM750) and images of muscle fibre fragments were taken with bright field 

(Leica camera ICC50 W) under 400 times magnification (10x ocular*40x objective). More than 

10 slides were viewed in order to get a representative sample of staining. Enhanced brightness 

(40%) was applied on all images for clarity. 

6.2.3. Heating of the fibre fragments and observation by microscopy 

On the day of homogenisation, aliquots (5 µl) of each homogenate for each ageing, muscle and 

buffer condition, were transferred to a cavity glass slide (Sigma Aldrich, St. Louis, Missouri 

United States), covered with a coverslip (0.16- 0.19 mm thickness) and sealed with a nail polish. 

Observations were made with a compound light microscope Olympus BX53 with camera DP73 

(Olympus Australia Pty. Ltd., Melbourne, Australia) with differential interference contrast (DIC). 

The slides were fixed on a heating stage Linkam PE120 (Linkam Scientific Instruments Ltd., 

Epsom, UK). A field of vision containing 2-3 muscle fibre fragments was observed within each 

muscle, ageing and treatment buffer.  

Once the field of vision was selected, the slide was heated continuously at a rate of 10°C/minute 

with 2 minutes for equilibration at each of the following temperatures; 22°C, 40°C, 45°C, 50°C, 

55°C, 60°C, 65°C, 70°C, 75°C, 80°C and 90°C. Images were taken with a 20 x magnification air 

objective.  

6.2.4. Image analysis 

For each treatment, muscle and ageing period, 11 images were collected from each slide 

corresponding to each temperature, with 2-3 fragments per image.  These images were then 
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imported into Image J software (Rasband, 1997-2020) and a scale was set to convert distance 

from pixels into µm. Three parallel measurements of length (middle and two sides of fragment) 

and three measurements of diameter (middle and two sides of fragments) were conducted and 

averaged for each fragment, for each temperature.  The volume of the fibre fragments was 

estimated assuming a cylindrical shape using the following equation: 

Volume=π*(diameter/2)2*length 

The shrinkage in length (longitudinal), diameter or volume of the fibre fragment was calculated 

at each temperature as a percentage relative to the raw unheated fibre fragment at 22°C. 

6.2.5. Data analysis 

Descriptive statistics for the fibre fragment dimensions were derived in Genstat (Version 16, VSN 

International Ltd., Hemel Hempstead, UK). The Restricted Maximum Likelihood (REML) 

procedure in Genstat was used to model fibre fragment shrinkage (length, diameter & volume) 

as a function of temperature, ageing and cathepsin inhibition using a selected variance-

covariance structure. Selection of a model was done via a sequence of likelihood ratio tests on 

a few nested models. The selected model was a heterogeneous power model in which the 

correlation between observations from the same fibre decays as the temperature delay 

between observations increases and one that allows variances to be different at each 

temperature. The fixed factors were temperature, ageing period, protease inhibitor and their 

interactions. Interactions were investigated via Wald tests and non-significant interactions were 

removed from the model. The following structure of random factors was used: collection day, 

collection day x carcass number, collection day x carcass number x side of carcass, collection day 

x carcass number x side of carcass x number of microscope slide and number of fibres on 

microscope slide. The pairs of means were compared using the Standard Error of Difference 

Least Significant Interval (SEDLSI) procedure in Genstat using the Standard Error of Difference 

(SED) for the significant interaction involving the highest number of fixed factors. Considering 

that shrinkage was calculated relative to dimensions of the fragments in raw state, the onset of 

shrinkage was defined as the value where the shrinkage was at least one Least Significant 

Difference (LSD) above 0. For the relationship between longitudinal and transverse shrinkage, 

the data was split into separate temperatures within each ageing period, and linear regression 

was run for each set of conditions with transverse shrinkage as the response variate and 

longitudinal shrinkage as an explanatory variate in Genstat.  
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6.3. Results 

Homogenization of the meat samples resulted in fibre fragments with an average length from 

83 to 164 µm across the three different muscles and two different ageing periods (Table 6.1) 

and fibre fragments isolated from aged muscles were on average shorter than fibres from 

unaged fibres. The fibre fragments had an average diameter of 22 to 37 µm (Table 6.1). The 

diameters were smaller than previously published for the same muscles, but the muscles 

followed the same order of size as reported for the same muscles 2 days post- mortem (Herring 

et al., 1965) in the control samples. The volume of the fragments ranged between 33 x 103 to 

129 x 103 µm3. Some trends in size in relation to the factors might appears, for example that 

fibre fragments from aged biceps femoris had a greater volume then fibre fragments from 

unaged biceps femoris in the control (no inhibition). However, this trend needs to be interpreted 

with caution, as fragments` length and volume will largely be determined by the homogenization 

process.  

Figure 6.1 shows the staining of the collagen (endomysium) surrounding the fibre fragments 

with Sirius Red. The amount of connective tissue surrounding the fibre fragment can be seen to 

vary, which is most likely related to the naturally variable thickness of the endomysium around 

each fibre, similar to observations in a previous study with horse muscle fibres (Roy et al., 2018), 

and the extent of homogenization. Most commonly, the fibres showed a red line surface around 

the edge of the fibre fragment, indicating the presence of endomysial collagen (Figure 6.1a). 

Occasionally, the fibre fragments had a more intense yellow colouring, but the edges of the fibre 

edges still appear slightly reddish as seen in Figure 6.1b. The yellow colour indicates the 

sarcoplasm. Very rarely, fibres have an intense red colouring, similar to perimysial collagen 

(Figure 6.1c), as shown by red strands in the proximity of the fragments. From these images, it 

is difficult to ascertain how intact the endomysium is, although it is apparently present, as 

indicated by the red staining. Electron microscopy would be needed to ascertain more detail of 

the state of the endomysium after homogenising. 
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Table 6. 1 Mean, standard deviation (SD), minimum and maximum of the length, diameter and volume of fibre 

fragments of non-heated (raw, 22oC) samples from semitendinosus, biceps femoris and psoas major from two 

ageing periods (1 and 14 days) homogenized in mannitol buffer (control (No) or with cathepsin inhibition (Yes)). 

The data in the table refers to the fibre fragments which were selected for heating and observation. 

 

 

Muscle Ageing Cathepsin 
inhibition 

N Mean SD Minimum Maximum 

Length (µm) 

Semitendinosus 1 day No 11 127 81 56 265 

Yes 12 164 80 69 322 

14 days No 12 121 39 71 222 

Yes 12 83 22 55 126 

Biceps femoris 1 day No 11 101 32 53 156 

Yes 11 127 42 62 182 

14 days No 14 90 43 42 203 

Yes 12 115 43 61 181 

Psoas major 1 day No 11 129 45 69 181 

Yes 11 92 26 55 145 

14 days No 15 96 31 61 166 

Yes 15 111 72 24 339 

Diameter (µm) 

Semitendinosus 1 day No 11 30 6 22 39 

Yes 12 31 7 20 39 

14 days No 12 32 5 21 39 

Yes 12 29 6 19 39 

Biceps femoris 1 day No 11 26 10 13 46 

Yes 11 28 6 21 39 

14 days No 14 37 9 26 54 

Yes 12 36 82 38 56 

Psoas major 1 day No 11 24 6 16 36 

Yes 12 22 6 13 33 

14 days No 15 28 6 20 42 

Yes 15 26 10 17 61 

Volume (x 103 µm3) 

Semitendinosus 1 day No 11 98 78 27 232 

Yes 12 129 72 24 275 

14 days No 12 101 45 42 208 

Yes 12 56 22 27 100 

Biceps femoris 1 day No 11 59 40 11 131 

Yes 11 83 46 26 172 

14 days No 14 103 94 32 405 

Yes 12 124 82 38 285 

Psoas major 1 day No 11 67 49 18 176 

Yes 11 33 20 12 71 

14 days No 15 62 43 25 201 

Yes 15 82 100 11 366 
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Figure 6. 1 Representative images of fibre fragments from bovine semitendinosus muscle stained with Sirius Red in Picric acid stain. a) Light red staining of the edges of muscle fibre fragments, b) 

intermediate staining with thicker red staining of the edges of muscle fibre fragments and c) intense red staining of the entire surface of the fibre fragment. Red staining indicates collagen and 

yellow colouring indicates sarcoplasm of muscle cell.  Red staining of the edges around the fragments in a), b) and c) represents endomysial collagen, while red fibrils in proximity of fragments in c) 

likely represent perimysial collagen remaining in the solution from the homogenization of the meat sample. Black bar at upper left corner is a scale bar equal to 100 µm.
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6.3.1. Shrinkage of semitendinosus fibre fragments  

The interaction between ageing period and temperature influenced the transverse (p=0.001), 

the longitudinal (p<0.001) and the volume shrinkage (P=0.038) of semitendinosus fibre 

fragments. Transverse shrinkage of fibre fragments of semitendinosus started at 45°C for 1 day 

aged samples and 50°C for 14 days aged samples (Figure 6.2a). The transverse shrinkage reached 

its maximum of 10 % at 60°C for both ageing periods (Figure 6.2a). At temperatures higher than 

65°C the fibre fragments did not change in diameter for aged meat, however fibres from unaged 

meat at 75°C started decreasing in transverse shrinkage (i.e. increased their diameter) (Figure 

6.2a). The onset of the longitudinal shrinkage in the fibre fragments of semitendinosus occurred 

at 60°C for 1 day aged samples and at 65°C for 14 days aged samples, with a continuous increase 

in shrinkage up to 90°C for both (Figure 6.2b). Fibre fragments from unaged (1 day ageing) 

muscle had greater longitudinal shrinkage (i.e. decreased more in length) compared to fibre 

fragments from aged (14 days) muscle at temperatures ≥75°C (Figure 6.2b). The largest 

difference in longitudinal shrinkage between ageing periods was evident at 80°C. The largest 

increase in longitudinal shrinkage between temperatures within ageing periods is between 70°C 

and 75°C for unaged fragments and between 80°C and 90°C for aged fragments (Figure 6.2b). 

Although the interaction between temperature and ageing was significant for the volume 

shrinkage of the fibre fragments of semitendinosus, and at temperature <65°C aged meat had 

smaller and at temperatures >65°C had higher predicted means for volume shrinkage of the 

fragments from unaged meat, significant differences within temperatures were not found 

between the ageing periods. The volume shrinkage of fibre fragments from semitendinosus 

reached a plateau at 60°C and didn’t show further changes.  
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Figure 6. 2 Effect of temperature (40°C to 90°C), ageing period (1 or 14 days) and cathepsin inhibitor PADK (control or with cathepsin inhibitor PADK) on shrinkage of fibre fragments from bovine 

semitendinosus. a) Transverse shrinkage for the interaction temperature x ageing (p=0.001); b) Longitudinal shrinkage for the interaction temperature x ageing (p<0.001); c) Volume shrinkage for 

the interaction temperature x ageing (p=0.038); d) Transverse shrinkage for the interaction temperature x cathepsin inhibition (p<0.001); e) Longitudinal shrinkage for the interaction temperature 

x cathepsin inhibition (P<0.001); f) Volume shrinkage for the interaction temperature x cathepsin inhibition (p<0.001). Values are least square means and vertical bars represent the LSD for the 

interaction indicated. Only data for significant interactions are shown.
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There was a significant interaction between temperature and cathepsin inhibition in relation to 

transverse (p<0.001), longitudinal (p<0.001) and volume (p<0.001) shrinkage of the fibre 

fragments of semitendinosus. Over temperatures 40°C-60°C, transverse shrinkage increased and 

was similar between control and cathepsin inhibited samples. At temperatures ≥60°C, in the 

presence of the cathepsin inhibitor, the diameter did not change whereas the control fibres 

reduced in shrinkage (increased in diameter) (Figure 6.2d). Similarly, for longitudinal shrinkage, 

over the temperature range of 40-65°C, the longitudinal shrinkage showed a very minor 

increase, with no difference in shrinkage between control and cathepsin inhibitor samples. At 

temperatures ≥70°C, longitudinal shrinkage increased, but for the control samples, it increased 

at a much steeper rate relative to the cathepsin inhibited samples, such that the longitudinal 

shrinkage at 90°C in the presence of the cathepsin inhibitor was half of the control (9.2 vs 19.7 

%) (Figure 6.2e). At temperatures ≤55oC, there was no difference in volume shrinkage between 

control and cathepsin inhibition. At temperatures ≥60oC, cathepsin inhibition led to greater 

shrinkage in volume of fibre fragments of semitendinosus relative to control samples.   

As an illustration of the effect of cathepsins, and cathepsin inhibition, Figures 6.3a and 6.3b show 

exemplar microscope images of the longitudinal and transverse shrinkage for controls, and in 

the presence of the cathepsin inhibitors.  Figure 6.3b shows that in the presence of the cathepsin 

inhibitor, there is less longitudinal shrinkage with heating to 90°C, and there is more transverse 

shrinkage compared to the control conditions. Whereas, Figure 6.3a shows control samples with 

intense longitudinal shrinkage at high cooking temperatures which leads to an increase in 

diameter (reduced shrinkage). 

 

Figure 6. 3 Representative images of fibre fragments from bovine biceps femoris. Muscle showing effect of heating 

(left panel, raw, 22°C; right panel, heated, 90°C) and cathepsin inhibition (a, top panels, control; b, bottom panels, 

with cathepsin inhibitor PADK) on the longitudinal and transverse shrinkage of fibre fragments. 
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6.3.2. Shrinkage of fibre fragments from biceps femoris 

Ageing period and temperature influenced the transverse (p<0.001), longitudinal (p<0.001) and 

volume shrinkage (p<0.001) of fibre fragments from biceps femoris (Figure 6.4). Transverse 

shrinkage of fibre fragments from biceps femoris started at 45°C for 1 day aged samples and 

50°C for 14 days aged samples (Figure 6.4a). Fourteen days aged biceps femoris samples had a 

greater transverse shrinkage than 1 day aged samples at temperatures ≥60°C (Figure 6.4a). 

Transverse shrinkage in fibre fragments from 1 day aged biceps femoris reached its peak at 55°C, 

followed by an slight increase in diameter at 75°C (Figure 6.4a). Whereas, in fibre fragments 

from 14 days aged biceps femoris shrinkage increased until 80°C and then it appeared to plateau 

(Figure 6.4a). Longitudinal shrinkage had its onset at 65°C for fibre fragments from 1 day aged 

biceps femoris samples and 60°C for 14 days aged samples (Figure 6.4b). Again, there was 

interactive effect of temperature and ageing on the longitudinal shrinkage (p<0.001) of fibre 

fragments which was greater in 1 day aged than in 14 days aged biceps femoris at temperatures 

≥70°C (Figure 6.4b). Longitudinal shrinkage of fibre fragments from biceps femoris increased 

continuously with the increase in temperature. The largest difference in longitudinal shrinkage 

between ageing treatments of fibre fragments of biceps femoris occurred at 80°C, while the 

largest difference in shrinkage between temperatures within ageing periods happened between 

80°C and 90°C (Figure 6.4b). Fibre fragments from 14 days aged biceps femoris had significantly 

greater volume shrinkage at temperatures ≥60°C compared to fibre fragments from 1 day aged 

biceps femoris with a volume shrinkage at 90°C being double in value (41 % compared to 20 %). 
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Figure 6. 4 Effect of temperature (40°C to 90°C), ageing period (1 or 14 days) and cathepsin inhibitor (control or with cathepsin inhibitor PADK). a) Transverse shrinkage for the interaction temperature 

x ageing (p<0.001); b) Longitudinal shrinkage for the interaction temperature x ageing (p<0.001); c) Volume shrinkage for the interaction temperature x ageing (p<0.001); d) Longitudinal shrinkage 

for the interaction temperature x cathepsin inhibition (p<0.001). The interaction temperature x cathepsin was not significant for diameter and volume shrinkage, therefore it was excluded from 

the final model. Values are least square means and vertical bars represent the LSD for the interaction indicated. Only data for significant interactions are shown.
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There was a significant interaction between temperature and cathepsin inhibition in regards to 

the longitudinal shrinkage of fibre fragments of biceps femoris (p<0.001), but this interaction 

only became visible at 90°C where inhibition of cathepsin reduced the longitudinal shrinkage of 

fibre fragments of biceps femoris for about third of the extent (Figure 6.4d). Cathepsin inhibition 

didn`t influence the transverse nor the volume shrinkage (p>0.05) of fibre fragments isolated 

from biceps femoris (data not shown).  

6.3.3. Shrinkage of fibre fragments from psoas major 

Transverse shrinkage in fibre fragments of psoas major started at 50°C for 1 day aged samples 

and 55°C for 14 days aged samples (Figure 6.5a). Although there was a significant interaction of 

temperature and ageing for the transverse shrinkage of the fibre fragments of psoas major 

(p<0.001), difference between ageing periods only appeared at 55°C (Figure 6.5a). Consistent 

with the other two muscles, fibre fragments of 1 day aged psoas major had reduced transverse 

shrinkage at ≥75°C compared to 14 days but this difference was insignificant (Figure 6.5a). 

Longitudinal shrinkage (data not shown) and volume (Figure 6.5b) were not affected by the 

length of ageing of psoas major.  

Also, similarly to semitendinosus and biceps femoris, there was a significant interaction between 

temperature and cathepsin inhibition in relation to longitudinal shrinkage of fibre fragments 

from psoas major (p<0.001) (Figure 6.5c). For psoas major fibre fragments, the longitudinal 

shrinkage started at 65°C and it reached about 16 % at 90°C (Figure 6.5c). Addition of cathepsin 

inhibitor significantly reduced the longitudinal shrinkage of psoas major fibre fragments at 

temperatures ≥70°C with a 5.5 % difference in the shrinkage at 90°C (Figure 6.5c). There was no 

difference in the volume shrinkage of the fibre fragments of psoas major neither with cathepsin 

inhibition (Figure 6.5b). Figure 6.5b shows the predicted means for the main effect of 

temperature on the volume shrinkage of fibre fragments from psoas major, since there were no 

three-way or two- way interactions between the factors. The volume shrinkage reached a 

maximum at 55°C and it did not change significantly at higher temperatures, ending the heating 

at 90°C with about 20 % shrinkage (Figure 6.5b).  
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Figure 6. 5 Effect of temperature (40°C to 90°C), ageing period (1 or 14 days) and cathepsin inhibitor PADK (control or with cathepsin inhibitor PADK) on shrinkage of fibre fragments from bovine 

psoas major. a) Transverse shrinkage for the interaction temperature x ageing (p=0.032); b) Volume shrinkage for temperature effect only (p<0.001); c) Longitudinal shrinkage for the interaction 

temperature x cathepsin inhibition (p<0.001). Interaction temperature x ageing was not significant for longitudinal and volume shrinkage and interaction temperature x cathepsin was not significant 

for diameter and volume shrinkage, therefore they were excluded from the final model. Values are least square means and vertical bars represent the LSD for the interaction indicated. Only data 

for significant interactions are shown.



118 
 

 

6.3.4. Relationship between longitudinal and transverse shrinkage of fibre 

fragments at higher cooking temperatures 

 

Figure 6.6 Relationship between longitudinal and transverse shrinkage of fibre fragments obtained from 
semitendinosus aged for 1 or 14 days, continuously heated to 90°C, and imaged at ten temperature levels (40°C, 
45°C, 50°C, 55°C, 60°C, 65°C, 70°C, 75°C, 80°C and 90°C). Each dot represents one data point from one fibre fragment 
heated to the temperature labelled on the panel. Each panel is a temperature at which a microscopy photo was 
taken and the shrinkage was calculated relative to the dimensions of fibre fragments from raw meat. The dashed 
line represents the regression line for 1 day ageing, and solid line represents the regression line for 14 days ageing. 
The regression equations and other statistical data for this muscle (semitendinosus), as well as for biceps femoris 
and psoas major, are given in Table 6.2. 

The data above shows that at higher cooking temperatures >60°C, when longitudinal shrinkage 

increased there was an apparent decrease in transverse shrinkage (increase in diameter), 

indicating a causal relationship between the longitudinal and transverse shrinkage at high 

temperatures. When linear regression analysis was conducted for the shrinkage at each 

temperature within each ageing period, a strong correlation between longitudinal and 

transverse shrinkage was observed for temperatures greater than ≥65°C and longitudinal 

shrinkage was found to explain from 32 % to 91 % of the variance (R2 value) of the transverse 

shrinkage across the three muscle types tested. Table 6.2 presents the constants, coefficients, 

R2 value, P- value and standard error (SE) for the individual linear regressions for each set of 

conditions. Figure 6.6 shows the inverse relationship for unaged and aged semitendinosus 

between longitudinal and transverse shrinkage, where greater longitudinal shrinkage led to 

increase in the diameter of the fibres. For instance, at 70°C, longitudinal shrinkage of fibre 

fragments from unaged semitendinosus explains 69.5% of the variance of the transverse 
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shrinkage (Figure 6.6, Table 6.2). The figure also shows that the relationship is very different in 

1 and 14 days aged samples (Figure 6.6).  In aged samples, there is a higher correlation between 

transverse and longitudinal shrinkage but this is driven by two extreme populations of data 

which is evident ≥70oC, with one population having about 20% transverse shrinkage and the 

other population having about -20% transverse shrinkage (Figure 6.6). In the case of unaged 

samples, the correlation between transverse and longitudinal shrinkage is lower, and the slope 

is different, but the data is more linear (Figure 6.6). 

Table 6. 2 Individual regression equations, at each heating temperature (60°C, 65°C, 70°C, 75°C, 80°C and 90°C) and 

each ageing period (1 days vs 14 days) for the relationship between transverse and longitudinal shrinkage of fibre 

fragments from semitendinosus, biceps femoris and psoas major. 
 

1 day 14 days 

a  b R2 p SE a  b R2 p SE 

Temperature 
(°C) 

semitendinosus 

60 8.4 0.9 * 0.56 7.8 11.4 -1.8 1.8 0.30 12.5 

65 9.8 -1.7 5.3 0.24 8.4 9.4 -0.8 * 0.62 14.9 

70 11.4 -1.6 69.5 <0.001 5.7 19.6 -2.7 72.9 <0.001 9.1 

75 16.9 -1.3 65.9 0.001 5.2 21.5 -2.1 75.2 <0.001 9.1 

80 19.0 -1.2 32.0 0.041 6.4 25.2 -2.0 70.7 <0.001 9.5 

90 15.3 -0.8 26.4 0.06 5.5 59.0 -3.3 57.4 0.007 11.9  
biceps femoris 

60 10.7 -0.6 * 0.50 8.1 19.6 -1.7 33.1 0.029 6.8 

65 10.0 -0.3 * 0.78 10.0 24.9 -2.5 51.8 0.002 7.0 

70 12.3 -1.1 10.7 0.17 11.7 23.8 -1.5 38.0 0.011 8.2 

75 15.6 -1.3 35.3 0.032 9.6 26.5 -1.9 65.2 <0.001 6.7 

80 1.9 0.1 * 0.94 13.1 32.7 -2.4 91.5 <0.001 3.4 

90 -0.9 0.1  * 0.91 12.1 56.9 -2.9 27.8 0.10 12.1  
psoas major 

60 6.3 1.3 2.2 0.30 9.0 9.9 -3.9 17.0 0.07 18.3 

65 17.7 -2.2 36.5 0.038 9.6 20.2 -5.0 56.0 <0.001 15.4 

70 19.3 -1.5 38.2 0.033 11.7 29.3 -5.1 71.8 <0.001 13.2 

75 21.4 -1.4 23.1 0.09 14.4 36.9 -4.1 81.9 <0.001 10.5 

80 25.6 -0.2 64.0 0.003 8.7 51.0 -3.8 76.1 <0.001 11.7 

90 23.6 -1.1 19.7 0.11 14.2 58.3 -3.5 40.3 0.007 16.2 

*  Residual variance exceeded the variance of the response variate. The equation y = a + bx was used 

for each regression line where y= transverse shrinkage, a =constant, b = slope and x = longitudinal 

shrinkage and R2 is the squared correlation coefficient (r), p is the p-value for the regression and SE is the 

standard error. Data with cathepsin inhibitor was excluded. These data, as well as data for the 

temperatures 40°C-55oC, and these equations are shown graphically for illustrative purposes in Figure 6.6 

for the semitendinosus only.   
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6.4. Discussion 

6.4.1. Transverse shrinkage and associated proteins 

Transverse shrinkage is noticeable at 40°C, both in our study and in the published literature 

(Bendall & Restall, 1983; Hostetler & Landmann, 1968; Purslow et al., 2016). The maximum 

transverse shrinkage was about 10- 11% for most muscles at most temperatures in our study, 

except for aged biceps femoris that showed up to 20% transverse shrinkage. Previous studies 

reported 20 % transverse shrinkage in fibre fragments of bovine longissimus thoracis et 

lumborum and semitendinosus (Hostetler & Landmann, 1968; Purslow et al., 2016) heated to 

80°C. Meat shrinkage is associated with thermal denaturation of the major proteins in meat 

(Tornberg, 2005). The later onset of the transverse shrinkage of the fibre fragments of psoas 

major with about 5°C compared to semitendinosus and biceps femoris, indicates, and provides 

support for the hypothesis that the denaturation of myosin from red oxidative fibres occurs at 

a slightly higher temperature than myosin from white glycolytic fibres (Egelandsdal et al., 1994). 

The onset of transverse shrinkage in the fibre fragments in this study across the three muscles 

was either at 45°C (semitendinosus 1 day aged, biceps femoris 1 day aged), 50°C (semitendinosus 

14 days aged, biceps femoris 14 days aged, psoas major 1 day aged) or 55°C (psoas major 14 

days aged), thus transverse shrinkage of the fibre fragments can be attributed to thermal 

denaturation of myosin as it is well-known that myosin denatures in this temperature range 

based on DSC studies (Wright et al., 1977); which has been proposed by Purslow et al. (2016). 

Contrary to this, Bendall and Restall (1983) associated the transverse shrinkage in fibres and 

muscle strips at temperatures between 52.5°C and 60°C, and particularly at 58°C with the heat 

shrinkage of the basement membrane collagen (potentially type IV and V collagen), and 

longitudinal shrinkage in meat strips with the heat shrinkage of epimysial, perimysial and 

endomysial collagen from 64°C to 90°C.  Considering that the endomysial collagen denatures 

around 58°C  (McCormick, 1999) and it is mainly type IV collagen assembled into a chicken wire 

network arrangement (Greaser, 1997), potentially it might have some contribution to transverse 

shrinkage. If this is the case, some variation in the transverse shrinkage can be partly assigned 

to the varying amount of endomysial collagen (Figure 6.1). Conversely, perimysial collagen 

(predominately type III) has a fibril structure, is known to shrink longitudinally (Mohr & Bendall, 

1969) and hence is expected to contribute to longitudinal shrinkage.  

6.4.2. Longitudinal shrinkage and associated proteins 

The onset of the longitudinal shrinkage in the fibre fragments at 60°C (semitendinosus 1 day 

aged, biceps femoris 14 days aged) and 65°C (semitendinosus 14 days aged, biceps femoris 1 day 

aged, psoas major 1 and 14 days aged) coincides with the results of Hostetler and Landmann 
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(1968) and Purslow at al. (2016) who showed that longitudinal shrinkage started around 60°C in 

bovine longissimus thoracis et lumborum and semitendinosus, respectively. Contrary to our 

data, Bendall and Restall (1983) didn’t find any longitudinal shrinkage in muscle fibres of psoas 

major heated in sodium citrate buffer up to 90°C. The extent of the longitudinal shrinkage in the 

three muscles tested in our study reached a maximum of 10- 17 % amongst the different muscles 

and ageing periods which is close to the shrinkage reported by Purslow at al. (2016) of 14 % in 

semitendinosus fibre fragments in mannitol buffer. Hostetler and Landmann (1968) reported 

longitudinal shrinkage of 30 % in bovine longissimus thoracis et lumborum at 80°C, however, 

their heating was conducted in a saline solution, which may have affected the process of 

shrinkage. As the longitudinal shrinkage was most visible at temperatures ≥65°C, in the absence 

of perimysial collagen, we potentially can relate this process with the denaturation of actin 

and/or titin. Actin and titin are known to denature at ~77°C (Stabursvik & Martens, 1980) and 

78.4°C (Pospiech et al., 2002), respectively. Purslow et al. (2016) attributed the process of 

longitudinal shrinkage in fibre fragments of bovine semitendinosus to actin, however 

simultaneous shrinkage and denaturation study would be beneficial to prove this link. 

6.4.3. Relationship between longitudinal and transverse shrinkage  

The link between the temperature-dependent longitudinal and transverse shrinkage of fibre 

fragments has not been previously reported in the published literature. Mechanistically, the 

increase in diameter that sometimes occurs simultaneously with longitudinal shrinkage might 

be a consequence of the longitudinal elements transferring the shrinkage force onto the 

costameric proteins (Taylor et al., 1995), such as desmin.  In aged meat, with degraded 

cytoskeletal elements, the fragments might shrink more transversally if endomysium presses on 

the myofibrils and therefore leads to more shrinkage. 

6.4.4. Effect of ageing on shrinkage  

The greater transverse shrinkage of fibre fragments from 14 days aged semitendinosus and 

biceps femoris compared to 1 day aged is supported by the finding of Purslow et al. (2016), who 

also showed that semitendinosus fibre fragments had greater transverse shrinkage after ageing 

for 14 days. In our study, the difference between aged and unaged fibre fragments is apparent 

at >70°C, whereas in the study of Purslow at al. (2016) the difference was evident already at 

55oC. We postulate that the difference between ageing periods in transverse shrinkage of the 

fibre fragments which occurred at higher cooking temperatures associated with the onset of 

longitudinal shrinkage, is a consequence of the differences in longitudinal shrinkage between 

ageing periods because of their relationship discussed below. Alternatively, changes in the 

endomysium might be implicated in the differences found in the extent of transverse shrinkage 
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between ageing periods. Kołczak et al. (2003) proposed that weakening and alterations are 

possible in the endomysium with ageing based on histological observations of bovine 

semitendinosus and psoas major, and found them to be more pronounced in psoas major than 

in semitendinosus. However, we only observed the transverse shrinkage of semitendinosus, but 

not of psoas major to be affected by ageing, and we found an increased transverse shrinkage 

with ageing which does not align with the theory of weakening of connective tissue with ageing. 

Our finding of reduced longitudinal shrinkage in 14 day aged fibre fragments from 

semitendinosus and biceps femoris is different to the study of Purslow et al. (2016) who did not 

find any effect of ageing on longitudinal shrinkage. The decrease in longitudinal shrinkage with 

ageing in our results indicates that proteolytic events that distinguish the fibre fragments 

between unaged and aged meat might have an additional impact on the shrinkage process, 

potentially along actin denaturation. As it is known that proteins such as titin and/or nebulin are 

degraded during the ageing period (Taylor et al., 1995) and we evidence reduced longitudinal 

shrinkage of fibre fragments from aged muscle, it is likely that titin and/or nebulin contribute to 

the process of longitudinal shrinkage of the fibre fragments in unaged meat. The denaturation 

temperature of titin has been reported to be 78.4°C (Pospiech et al., 2002) which coincides with 

the temperature where most of the longitudinal shrinkage occurs in our data. This is also close 

to the temperature of 80°C where we observed the largest differences in the longitudinal 

shrinkage of the fibre fragments due to ageing. Degradation of titin during ageing likely explains 

the reduced longitudinal shrinkage in fibre fragments of aged meat that we see in our study, 

assuming that titin`s integrity is necessary for the occurrence of longitudinal shrinkage.  

6.4.5. Effect of cathepsin inhibition on shrinkage  

Heating of the fibre fragments of all three muscles, in the presence of the cathepsin inhibitor, 

lead to reduced longitudinal shrinkage in all muscles tested, indicating that cathepsins might act 

on proteins involved in the longitudinal shrinkage of fibre fragments. Cathepsins are known to 

degrade the following meat proteins: myosin (B, D, L) (Matsukura et al., 1981; Schwartz & Bird, 

1977), actin (B, D, L) (Matsukura et al., 1981; Schwartz & Bird, 1977), troponin T and I (L) 

(Matsukura et al., 1981), α-actinin (L) (Matsukura et al., 1981), desmin (B) (Baron et al., 2004) 

and even collagen from the perimysium (Stanton & Light, 1988). In a meat homogenate with 

disrupted lysosomes, proteins spanning longitudinally within the muscle cell, such as titin, 

nebulin and/or actin, can be potential substrates of cathepsins (Hopkins & Thompson, 2002; 

Zeece, et al., 1992). Additionally, myosin, actin, desmin and endomysial collagen could all be 

affected by cathepsin activity within and around the fibre fragments. The interaction between 

heating and cathepsin activity could be related to the phenomena that denatured protein is 

prone to more substantial cleavage by enzymes such as cathepsins relative to native protein. 
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This was proven by Schwartz and Bird (1977) who demonstrated that denatured myosin, when 

incubated with cathepsin B and D, produced very small proteolytic products relative to native 

myosin which formed products with a higher molecular weight. In a study by King and Harris 

(1982), titin was degraded with heating at 60°C for 30 min, but it remained largely intact in meat 

injected with pepstatin, a known inhibitor of carboxyl proteases such as cathepsins. Therefore, 

degradation by cathepsins of already heat-denatured proteins might have a role in the shrinkage 

of muscle fibres. Considering that many proteins can be a target of cathepsins and that the 

comparison cathepsin inhibition is to (aged and unaged) samples with no cathepsin inhibition, 

it is evident that proteolysis and denaturation interact, thus interpreting the effect of the 

cathepsin inhibition on the shrinkage process is difficult. The most logical explanation for the 

greater transverse shrinkage of fibre fragments of semitendinosus in the presence of cathepsin 

inhibition (PADK) is that endomysial collagen was not degraded under these circumstances and 

therefore the presence of intact endomysium led to greater shrinkage. However, further 

investigation of the role of cathepsins in cooking related shrinkage, and the consequent cooking 

loss and tenderness changes, is recommended.     

6.4.6. Implications of shrinkage for meat quality 

Shrinkage of muscle fibres during heating is relevant to both the process of water loss during 

cooking, and to the tenderness of meat. The shrinkage of muscle fibres contributes to the overall 

process of shrinkage of the whole meat that will result in loss of water. As a consequence of our 

results on volume shrinkage, we can expect that biceps femoris will show a greater cooking loss 

after ageing for 14 days relative to 1 day ageing. However, we would not expect or substantiate 

differences in water loss due to ageing in semitendinosus and psoas major based on the fibre 

fragments volume findings unless transverse shrinkage is a bigger contributor to the cooking 

loss. Previous research indeed found that cooking loss was greater in aged than in unaged meat 

(Colle et al., 2016; Lagerstedt et al., 2008; Purslow et al., 2016; Shanks et al., 2002). However, 

the implications of this research are not constrained to the volume shrinkage and cooking loss, 

as higher or lower shrinkage in either direction can impact other quality characteristics of the 

meat. In our study, fibre fragments from 14 days aged meat shrunk more in diameter than 1 day 

aged meat, while it is known that fibres with smaller diameter are associated with increased 

tenderness (Dransfield et al., 2003; Hiner et al., 1953; Renand et al., 2001). This also aligns with 

the well-known fact that aged meat is more tender then unaged meat. Also, Hostetler and 

Landmann (1968) discussed the possibility that longitudinal shrinkage of meat fibres results in 

toughening of meat, and if this was the case, we would expect the smaller longitudinal shrinkage 

found in fibres from meat aged for 14 days to also contribute to improved tenderness in aged 

muscle. The longitudinal and transverse shrinkage in fibre fragments from psoas major were not 
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influenced by ageing, which  aligns with the unresponsiveness of oxidative muscles, such as 

psoas major, to ageing (Quali, 1992), although psoas major is also unique in having very long 

sarcomeres and little collagen. In addition, the higher temperature of onset of transverse 

shrinkage, indicates that psoas major undergoes denaturation of meat proteins (such as myosin) 

at slightly higher temperature than semitendinosus and biceps femoris, which might be related 

to their fibre type, i.e. the type of myosin they contain and its thermal sensitivity. Indeed, myosin 

from type I fibres has been shown to be more resistant to thermal denaturation than myosin 

isolated from type II fibres (Egelandsdal et al., 1994). 

6.5. Conclusions 

Fibre fragments from 14 day aged semitendinosus and biceps femoris shrunk more in their 

diameter and less in their length with heating than fragments from the same muscles subjected 

to 1 day ageing at the respective temperatures. The difference in the longitudinal shrinkage of 

the fibre fragments between ageing treatments could be attributed to titin degradation during 

ageing, and consequently the eventual effect of its denaturation during cooking on the 

longitudinal shrinkage. Ageing had little effect on the shrinkage of fibre fragments of psoas 

major, which agrees with the tendency of oxidative muscles to resist proteolytic changes during 

ageing. Cathepsin inhibition during heating led to reduced longitudinal shrinkage of the fibre 

fragments isolated from all the three muscles, and only had an effect on the transverse 

shrinkage of semitendinosus leading to greater shrinkage when added to the heating buffer. The 

transverse shrinkage at higher cooking temperatures in all muscles was significantly negatively 

correlated with the longitudinal shrinkage of the fibre fragments within many heating 

temperatures, and was attributed to the potential differences in degradation status of 

cytoskeletal proteins such as desmin. Transverse shrinkage in fibre fragments was associated 

with myosin denaturation, although endomysial collagen might also contribute to this process 

and cause variation if it is affected by ageing or enzyme inhibition.  In conclusion, ageing and 

cathepsins have a role in the transverse and longitudinal shrinkage of some, but not all muscles 

during cooking. The shrinkage of fibres during heating has implications for both water loss and 

tenderness. 
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CHAPTER 7 

Chapter 7 marks a start of a new part of the thesis (Chapters 7-9), where the research questions 

and aims are related to fibre type by using masseter and cutaneous trunci as model muscles. 

Chapter 7 specifically compares the thermal denaturation in masseter and cutaneous trunci 

using two methods, Differential Scanning Calorimetry (DSC) and Fourier Transform Infrared 

(FTIR) microspectroscopy. 

This Chapter is under review by the journal Food Chemistry.  
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Abstract 

The changes in secondary structure of proteins with heating were characterized and compared 

for bovine masseter (fibre type I) and cutaneous trunci (fibre type II) muscles by Differential 

Scanning Calorimetry (DSC) and Fourier Transform InfraRed (FTIR) microspectroscopy. Heating 

lead to a decrease in α- helices, and an increase in aggregated strands, random coils and 

aromatic side chains in the muscle fibres of both muscles. In the intramuscular connective tissue 

(IMCT) of both muscles, a decrease in α-helix, turn and unordered structures was complemented 

with an increase in aggregated strands. At temperatures <60°C, the greater thermal 

denaturation of proteins in cutaneous trunci than in masseter (FTIR), supported by a myosin 

associated peak at 55.8°C for cutaneous trunci and no peak for masseter (DSC), indicates that 

myosin in type II fibres is more sensitive to thermal denaturation than myosin in type I fibres 

and this should be considered in thermal meat processing. 

Keywords: FTIR, DSC, protein denaturation, microspectroscopy, beef, fibre type, cooking, meat  
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7.1. Introduction  

Meat is mostly consumed after cooking, and cooking, or heating of meat, leads to changes in the 

secondary structure of meat proteins (Tornberg, 2005). The thermal denaturation of meat 

proteins leads to structural changes of the muscle such as shrinkage and water loss that are 

reflected in the eating quality of meat including its tenderness, juiciness and flavour (Tornberg, 

2005; Hamm, 1966; Martens et al., 1982). Therefore, if muscles have differences in protein 

composition and conformation, it is likely that they will respond distinctively to heat and that 

will result in differences in eating quality.  

Muscles and muscle fibres are classified according to their fibre type, which is a characteristic 

based on their contractile, enzymatic and metabolic properties. Myosin is the most abundant 

myofibrillar protein in muscle and meat (50 %) (Pearson & Young, 1989) and is present in 

multiple isoforms, based mainly on the type of heavy chain (MyHC) (Schiaffino, 2018). Muscle 

fibres containing MyHC I (MyHC α or MyHC β) are known as slow twitch fibres, while fibres 

containing MyHC II (A, B or X) are known as fast twitch fibres (Schiaffino, 2018).  Type I and type 

IIA muscle fibres are also known as red and intermediate fibre types, respectively, and type IIB/X 

fibres are known as white fibre types (Ashmore & Doerr, 1971). Muscles solely or predominately 

composed of fibres of one fibre type have been used as models to understand the differences 

in the post-mortem metabolism and heating- related denaturation, aggregation and gelling 

behaviour of their constituent proteins. In beef, masseter  (cheek muscle), is composed entirely 

of type I fibres (Young et al., 1992), while cutaneous trunci (common name is red bark), is 

predominantly (92 %) (Meyer & Egelandsdal, 1992) composed of type II (A and X) muscle fibres. 

In relation to heating, comparisons between myosin in muscles containing predominantly white 

and red fibres have previously shown that myosin from white muscles has lower thermostability 

in terms of its gelation (Boyer et al., 1996), aggregates at lower temperatures (Liu et al., 1996), 

and has a lower transition temperature (Egelandsdal et al., 1994) than the myosin from their red 

muscle counterparts.  

Muscle fibres should not be observed in isolation from connective tissue as connective tissue is 

also known to affect the eating quality of meat. Although the properties of connective tissue are 

expected to be muscle related rather than fibre type related, type I fibres in rats were found to 

have higher amounts of perimysial and endomysial collagen (Kovanen et al., 1984) relative to 

type II fibres. However there is only limited research on the interactive behaviour of connective 

tissue and muscle fibre type during thermal denaturation (Astruc et al., 2012).   

Conventionally, the protein denaturation that occurs during heating of meat has been simulated 

by using Differential Scanning Calorimetry (DSC) where the denaturation process is 



132 
 

characterized by endothermic peaks which are assigned to groups of proteins. The peaks emerge 

as a result of the helix to coil transition in the secondary conformation of proteins at a defined 

temperature (Miles & Bailey, 1999). Recent advances in technologies have seen the use of 

Fourier Transform InfraRed (FTIR) microspectroscopy for in-situ observation of conformational 

changes of meat proteins subsequent to heating (Kirschner et al., 2004). The conformational 

changes manifest as molecular vibrations which are recorded in the form of changes in the 

InfraRed (IR) spectral absorbance. The effect of cooking temperature on the changes in the 

secondary structure of muscle proteins has been characterized by FTIR microspectroscopy 

(Astruc, et al., 2012; Bertram et al., 2006; Böcker et al., 2007; Kirschner, et al., 2004). Since FTIR 

characterizes the changes of all proteins without discriminating the types of proteins, running 

DSC under comparable conditions in parallel to FTIR, allows an investigation of the relationships 

between the FTIR observed changes and the DSC observed peaks of defined proteins in a 

temperature region. Additionally, while DSC focuses on the protein unfolding, FTIR provides 

more detailed information on the changes in the secondary structure of proteins with heating 

including information on protein aggregation.  

Research on the thermal denaturation behaviour of proteins in muscles/fibres of defined fibre 

type, and the associated connective tissue, is scarce. However, Astruc et al. (2012) investigated 

the changes in secondary structure of proteins from heated histological sections using in-situ 

synchrotron FTIR microspectroscopy. The authors worked on a mixed fibre type semitendinosus 

muscle, but the fibre type of each individual muscle fibre was identified by ATPase staining 

performed on a serial section adjacent to the one used for FTIR. To our knowledge, there are no 

published studies investigating the changes in secondary structures of proteins in muscles with 

almost pure fibre type composition and their associated connective tissue, particularly when 

cooked in conditions simulating heating rates used during cooking.  The aim of the study was to 

investigate the role of muscle/fibre type in determining the changes in protein secondary 

structure of muscle fibres and connective tissue in beef during cooking. We hypothesise that 

muscle fibre proteins in muscles composed predominately of type II fibres will denature at a 

lower cooking temperature than in muscle composed of type I fibres, and that there will be no 

difference in the connective tissue proteins’ response to heat between muscles of different fibre 

types.   

7.2. Materials and methods 

7.2.1. Muscles characterization 

Bovine masseter and cutaneous trunci muscles were collected 1-day post-mortem from two 

carcasses from Angus cattle (hot carcass weights: 264 and 250 kg). The pH of the muscles was 
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measured using a TPS WP-80 pH meter (TPS Pty Ltd, Brisbane, Victoria Australia) fitted with an 

IJ 44 spear pH electrode (Ionode Pty Ltd., Brisbane, Victoria Australia) and a temperature 

compensation probe. Measurement was conducted in two to three locations of the muscle by 

insertion of the probe into the muscle. Because of the size difference between the muscles, 

masseter muscles were used from both sides of each carcass, and cutaneous trunci muscle was 

collected from only one side of each carcass. A 25 g sample was collected and frozen at -20°C 

before determination of total collagen and soluble collagen content by the Association of Official 

Analytical Chemists (AOAC) method as modified by Starkey at al. (2015).   

7.2.2. Differential Scanning Calorimetry (DSC) 

Approximately 20 mg meat were dissected from masseter (randomly chosen from either  muscle 

from the 2 sides of the carcass) and cutaneous trunci muscles of the 2 carcasses, at 2 days post 

mortem, placed in an aluminium pan, hermetically closed with a lid and placed in a DSC furnace 

(DSC 8000, Perkin Elmer, Waltham, Massachusetts, USA). An empty aluminium pan was used as 

a reference. Heating was conducted with one-minute equilibration at 25°C, followed by heating 

at 5°C/minute to 90°C and cooling at 30°C/minute. Each peak was characterized by the T max - 

the temperature of maximum rate of heat input also known as transition temperature. The 

graph of the thermograms was prepared in the Sigmaplot software (version 14, Systat software, 

San Jose, California, USA). 

7.2.3. Fourier Transform Infrared (FTIR) microspectroscopy 

7.2.3.1. Water bath cooking of meat samples 

Eight cuboids of muscle, with dimensions 5 cm x 1 cm x 1 cm, were cut from the masseter derived 

from both sides for each carcass and from one side of the carcass for the cutaneous trunci. The 

cuboids were placed in polyethylene bags which were immersed in a water bath (Model 

9112T12E, PolyScience, Niles, Illinois USA). The samples were first left to equilibrate at 25°C, the 

water bath was set to heat to 95°C and the meat was heated with a rate of 5°C/min using a 

previously optimised protocol. The core temperature of the meat was monitored continuously 

with a thermocouple (Grant Instruments, Cambridge, UK). When the samples reached the target 

temperatures (50°C, 55°C, 60°C, 65°C, 70°C, 75°C, 80°C, 85°C) they were taken out of the water 

bath and cooled on ice. The heating rate was chosen to align with the heating rate used during 

DSC, and the method of removing the samples when they reached a desired temperature was 

to mimic the continuous heating occurring in the DSC furnace.  

https://www.google.com/search?rlz=1C1SQJL_enAU774AU775&q=Waltham,+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LUz9U3MMuNLzBS4gAxM6qMTbW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYxcITc0oyEnN1FHwTi4sTkzNKi1NLSooB3MXvqlwAAAA&sa=X&ved=2ahUKEwjt06vtipbmAhUFyzgGHdNYB8YQmxMoATAQegQIDRAH
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7.2.3.2. Samples from cooked meat used for Fourier Transform Infrared (FTIR) 

microspectroscopy 

Blocks with 1 cm length were cut from the middle of the cuboids cooked in the water-bath, for 

each temperature described in section 2.3.1, as well as from one raw (25°C) cuboid cut to the 

same dimensions described in 2.3.1., using an approach similar to Kirschner et al. (2004). The 

width and height of the cooked blocks varied between 0.5-1 cm as the cuboids shrunk more at 

higher cooking temperatures. The meat blocks were then fixed on a cork base with a small 

amount of Optimal Cutting Temperature compound (OCT; Leica, Wetzlar, Germany) on the 

meat-cork interface, ensuring to avoid the area were sections will be taken (because of the 

strong FTIR signal of OCT), and frozen by immersing in isopentane cooled with liquid nitrogen. 

The frozen blocks, mounted on cork, were stored at -80°C until sectioning. Cross-sections, 6µm 

thick (perpendicular to the fibre direction), were cut from the block using a cryostat at -18°C 

(model 1860, Leica, Wetzlar, Germany) and collected on barium fluoride (BaF2) windows (13 

mm-diameter and 1mm-thick; Crystran, Poole, UK). The BaF2 windows were placed in a box with 

copper sulfate crystals (placed in enclosed part of the box) and wrapped in plastic foil to prevent 

oxidation. These sections were used for FTIR microspectroscopy within two days of cutting.  

7.2.3.3. Fourier Transform Infrared (FTIR) microspectroscopy 

The samples were analysed with a Nicolet™ iS50 Continuμm™ infrared (IR) microscope (Thermo 

Fisher Scientific, Waltham, Massachusetts USA) equipped with a mercury cadmium telluride 

detector, cooled with liquid nitrogen. The IR objective had 32x magnification. The method was 

based on Astruc at al. (2012) with modifications. The wavelength of the spectrum was first 

validated by measuring the peak of a standard IR Bandpass Filter (FB8500-500, Thorlabs, 

Newton, New Jersey, USA) with a central wavelength of 8.5 µm. The sample was then placed on 

a sample holder, the microscope was focussed, and the condenser was aligned using the IR 

objective, to allow for the highest peaks in the spectra. Subsequently, before each IR acquisition, 

a background spectrum from the BaF2 windows was collected from a sample free area. Spectra 

were collected on two areas, muscle fibres and extracellular intramuscular connective tissue 

(IMCT) areas mostly composed of perimysial collagen. The IR spectra were collected from 10 

muscle fibres per section and from 10 positions within the IMCT. For the acquisition of spectra 

from the muscle fibre, an aperture of 30 µm was used, while for the IMCT, the aperture was set 

to 10 µm. IR spectra were collected between 4000-750 cm-1, with 64 scans per position (for both 

muscle fibre and IMCT) and spectral resolution of 4 cm-1.  
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7.2.3.4. Spectra pre-treatments and statistical analysis  

The data was initially corrected using Extended Multiplicative Scatter Correction (EMSC), 

followed by a derivatization (second derivative) originally described by Savitzky-Golay (Savitzky 

& Golay, 1964) (9 smoothing points, polynomial older 3). Calculation of averages and 

multivariate Principal Component Analyses (PCA) were conducted with the software 

Unscrambler X 10.3 (Camo Analytics, Oslo, Norway). The PCA analyses were conducted on the 

second derivatives of the absorbance in the Amide I region (1600-1700 cm-1) with 10 

components, based on the Nonlinear Iterative Partial Least Squares (NIPALS) algorithm, with 

weighting of 1.0. Based on the loading plots, relevant wavenumbers were selected for further 

statistical analysis. 

Statistical analysis of the IR absorbance (after EMSC pre-processing) at the relevant 

wavenumbers was conducted in Genstat software (version 18, VSN International, Hemel 

Hempstead, UK), using unbalanced ANOVA with muscle and temperature as fixed factors and 

carcass as a random factor. This analysis was limited to the Amide I region, as it is the region 

that has >80 % contribution from the C=O stretching vibrations of the amide group of proteins 

and it is considered most pure (Jackson & Mantsch, 1995), compared to other spectral regions. 

Data visualization was conducted using the Sigmaplot software (Version 14, Systat software, San 

Jose, California, USA). 

7.3. Results and discussion 

7.3.1. Muscle characterization 

The ultimate pH of the two masseter muscles used in this study were 6.1 and 6.5, while the pH 

of both cutaneous trunci muscles was 5.5, which is normal for these muscles (Meyer & 

Egelandsdal, 1992). Indeed, the lower glycogen content of type I fibres compared to type II fibres 

limits the amplitude of pH drop in muscles rich in type I fibres (Bendall, 1973) and explains the 

higher pH of masseter compared to cutaneous trunci. The total collagen content for the two 

masseter muscles was 78 and 85 µg/mg freeze dried tissue, of which 11 and 7 % was soluble 

collagen respectively. Cutaneous trunci contained 72 and 67 µg/mg freeze dried tissue total 

collagen, with 8 and 7 % solubility respectively. The comparable content of collagen between 

the two muscles agrees with the study of Listrat et al. (2000). 

7.3.2. Differential Scanning Calorimetry (DSC) thermogram of masseter and 

cutaneous trunci 

The thermogram of cutaneous trunci showed three major peaks with transitions (Tmax) at 55°C, 

63°C and 78°C and a minor peak with Tmax at 84°C (Figure 7.1). This is a typical thermogram for 



136 
 

meat and the three major peaks can be assigned to myosin, collagen and sarcoplasmic proteins, 

and actin, respectively (Xiong et al., 1987). The width of the DSC peak for myosin denaturation 

of cutaneous trunci is broad, and it is likely that at least two denaturation events of different 

domains of the myosin molecule are occurring of which the first one, associated with S1 (the 

head) and S2 (parts of the heavy meromyosin HMM) happens at a lower temperature than the 

Tmax identified in Figure 7.1, likely associated with light meromyosin LMM (Wright & Wilding, 

1984; Purslow et al., 2016). In contrast, the thermogram of masseter comprised two major peaks 

with Tmax at 63°C and 78°C and a minor peak at 84°C (Figure 7.1). This suggests that for 

masseter, the first peak combines denaturation of myosin, collagen and sarcoplasmic proteins 

and the second peak represents denaturation of actin, as previously attributed by Egelandsdal 

(1991). In both muscles, the minor peak at 84°C might be related to denaturation of titin as titin 

is not degraded in unaged muscles (the muscles we used were unaged) and Pospiech et al. 

(2002) have shown that isolated titin denatures at 78°C. The higher transition temperature 

found in our study might be related to the tendency of proteins to have a higher transition heat 

when they are part of a whole tissue then when they are isolated (Pospiech et al., 2002). 

However, it is also likely that titin denaturation is encompassed in the actin denaturation peak.  

 

Figure 7. 1 Differential Scanning calorimetry (DSC) thermograms of cutaneous trunci and masseter beef muscles at 

heating rate of 5°C/min. Red lines: masseter; grey lines- cutaneous trunci, orange line- baseline; orange and grey 

fill- peak areas for masseter and cutaneous trunci, respectively. Numbers over peaks -Tmax. 
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7.3.3. Characterizing and comparing the Fourier Transform Infrared (FTIR) 

microspectroscopy spectra of masseter and cutaneous trunci 

Figures 7.2a-l present the FTIR spectra and the PCA analyses of the IR absorbance of: the muscle 

fibres of masseter (Figures 7.2a-c), muscle fibres of cutaneous trunci (Figures 7.2d-f), IMCT of 

masseter (Figures 7.2g-i), and IMCT of cutaneous trunci (Figures 7.2j-l).  

7.3.3.1. Assigning the spectra (750-4000 cm-1) to chemical components 

Figures 7.2a and 7.2d present the average IR absorbance spectra collected from the muscle fibre 

of masseter and cutaneous trunci, respectively, while Figures 7.2g and 7.2j present the spectra 

collected from the IMCT of the respective muscles.  The highest peak on the IR spectra appears 

in the frequencies between 1600 cm-1 and 1700 cm-1 and represents the Amide I region of 

proteins. Other prominent peaks in the IR spectra appear in the water region (3200 cm-1-3550 

cm-1) (Movasaghi et al., 2008) and Amide II protein region (1500 cm-1-1600 cm-1). The ‘shoulder’ 

in the range between 2800 cm-1 and 3500 cm-1 is assigned to lipids (cholesterol, phospholipids) 

and creatine (Movasaghi, et al., 2008), while the small peak at 2360 cm-1 is assigned to CO2 in 

the air. Evidently, the Amide I region is the most sensitive to temperature as for both muscles 

(masseter, cutaneous trunci) there are apparent changes in absorbance with the increase in 

temperature in the muscle fibre (Figures 7.2a and 7.2d respectively) and the IMCT (Figures 7.2g 

and 7.2j respectively) of the muscle. Since the Amide I region has the `purest` contribution from 

changes in secondary structure of proteins and is the one that undergoes the largest changes, it 

was chosen for further analysis.  

7.3.3.2. Differences in the thermal denaturation of muscle fibre proteins of masseter and 

cutaneous trunci based on the Amide I FTIR spectra 

7.3.3.2.1. Temperature effect within muscle/fibre type (Principal Component Analysis (PCA)) 

Magnifying the second derivatives of the IR absorbance of muscle fibres in the Amide I region 

(inset panel, Figure 7.2a) shows a lack of conformational changes of proteins in masseter at 

temperatures less than 65°C. At temperatures ≥65°C in masseter, there was a small change in 

the IR absorbance of the muscle fibres as with every increase in temperature, two new peaks 

emerge at ~1675 cm-1  and ~1628 cm-1 and at 75°C the 1655 cm-1 peak vanishes (inset panel, 

Figure 7.2a). A multivariate analysis of the second derivatives (Figure 7.2b) of the FTIR 

absorbance data demonstrated that for proteins of masseter`s muscle fibres most of the 

variance of the data (92%) was explained by the Principal Component 1 (PC1), which clearly 

separated the scores based on the temperature effect. This effect is associated with a positive 

peak at 1655 cm-1 and a negative peak at 1624 cm-1 and 1685 cm-1 (Figure 7.2c). The Principal 
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Component 2 (PC2) explained only 2% of the variance of the data and it separated the scores of 

masseter cooked to 75°C and 85°C from the scores for cooking to 65°C, 70°C and 80°C (Figure 

7.2b). According to the loading plot (Figure 7.2c), PC2 included positive peaks at 1605/1612 cm-

1, 1655 cm-1 and 1685 cm-1 and negative peaks at 1632 cm-1 and 1666 cm-1 (Figure 7.2c).   
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Figure 7. 2 Temperature effect (50-85°C) on protein denaturation within muscle/fibre type (bovine masseter, 

cutaneous trunci). a) Fourier Transform Infrared (FTIR) absorbance and second derivatives (inset panel) of Amide I, 

b) Principal Component Analysis (PCA) score plot and c) Loadings plot of the PCA for masseter muscle fibres; d) FTIR 

absorbance and second derivatives (inset panel) of Amide I, e) PCA score plot and f) Loadings plot of the PCA for 

cutaneous trunci muscle fibres; g) FTIR absorbance and second derivatives (inset panel) of Amide I, h) PCA score 

plot and i) Loadings plot of the PCA for masseter IMCT; j) FTIR absorbance and second derivatives (inset panel) of 

Amide I, k) PCA score plot and l) Loadings plot of the PCA for cutaneous trunci IMCT. FTIR absorbance (750-4000 

cm-1), Amide I (1600-1700 cm-1). Each line in a), d), g) and j) is an average of 10 spectra. Second derivatives 

multiplied by -1 for illustration purposes. 
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In contrast, cutaneous trunci shows a large downward shift of the major peak of the IR 

absorbance collected from the muscle fibres appearing at ~1655 cm-1 for samples cooked to 

50°C-65°C (inset panel, Figure 7.2d) and the peak is no longer apparent in cutaneous trunci 

cooked to ≥70°C. At temperatures ≥70°C where the 1655 cm-1 peak dissipates, like in masseter, 

two new peaks appear at ~1628 cm-1 and ~1675 cm-1 (inset panel, Figure 7.2d). The PCA analysis 

of the second derivatives of the IR absorbance of muscle fibres from cutaneous trunci showed 

that most of the variance of the data (88%) is explained by the temperature effect which is the 

driver of the separation on the PC1 component, while the PC2 component explained 8 % of the 

variance and it separated raw cutaneous trunci and cooked to 80°C from the remaining 

temperatures (Figure 7.2e). The PC1 included positive peaks at 1652 cm-1 and negative peaks at 

1624 cm-1 and 1685 cm-1, while the PC2 component included positive peak at 1635 cm-1 and 

negative peaks at 1605 cm-1 and 1658 cm-1 (Figure 7.2f).  Three temperature clusters (raw, 

cooked at 50°C-65°C, and cooked at 70°C-85°C) are evident both in the plot of the absorbance 

(inset panel, Figure 2d) and in the PCA analysis (Figure 7.2e) for IR absorbance of cutaneous 

trunci.  

The assignation of the IR wavenumbers to the secondary structures of meat proteins are given 

in Table 7.1. The second derivatives shift the direction of the principal components, hence a 

peak in the positive direction on each loading plot was interpreted as a smaller absorbance at 

the respective wavenumber, and vice versa for peaks in negative direction. Since the largest 

peaks on the loadings of the PC1 component, associated with the temperature effect in both 

muscles, were the 1652/1655 cm-1 on the positive side and 1624 cm-1 and 1685 cm-1 on the 

negative side, we can interpret that heating in both muscles mainly led to a decrease in α-helix 

structures and an increase in aggregated strands. Other FTIR studies on beef and pork also found 

these to be the main conformational changes in meat proteins with the increase in temperature 

(Astruc, et al., 2012; Bertram, et al., 2006; Böcker, et al., 2007; Kirschner, et al., 2004). The 

absence of changes at temperatures lower than 65°C in the secondary structures of proteins in 

masseter was surprising, as a change in IR absorbance of muscle fibres with increase in 

temperature is already reported at 40°C and 45°C in bovine semitendinosus and longissimus 

thoracis et lumborum, respectively (Astruc, et al., 2012; Kirschner, et al., 2004). Interestingly, in 

both muscles of our study, there was a separation in the direction of the PC2 component 

separating raw from cooked and separating some of the higher cooking temperatures from the 

low cooking temperatures (75°C and 85°C for masseter and 80°C for cutaneous trunci) (Figures 

7.2b and 7.2e). This is consistent with the study of Kirschner at al. (2004) in bovine longissimus 

dorsi who interpreted the shift in the PCA values with cooking to 70°C as representing distinct 

chemical events, different to those occurring when the temperature is raised from raw to 60°C.  
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Table 7. 1 Assignation of peaks in the Amide I region (1600-1700 cm-1) of the FTIR spectra to secondary structures 

of proteins. 

Wavenumber  
(cm-1) 

Structural moiety Reference 

1605/1612 Aromatic side 
chains 
Tyrosine 

Bertram et al., (2006); Böcker et al., (2006); Mitra et 
al., (2017) 

1624-1632 Aggregated 
strands 

Fabian and Mäntele, (2006); Jackson and Mantsch 
(1995) 

1632-1640 Random coil Barth (2007); Li et al., (2018) 

1640-1650 Unordered 
structures 

Jackson and Mantsch (1995) 

1650- 1658 α-helix Fabian and Mäntele (2006); Jackson and Mantsch 
(1995); Movasaghi et al., (2008) 

1662-1670 β-turn Barth (2007); Fabian and Mäntele (2006) 

1670- 1675 β-turn or β-sheet Barth (2007); Fabian and Mäntele (2006) 

1685 β-sheet 
Aggregated 
strands 

Barth (2007); Fabian and Mäntele (2006) 
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7.3.3.2.2. Muscle/fibre type effect within temperature (Principal Component Analysis (PCA)) 

To underline the difference between the two muscle/fibre types, a PCA analysis was conducted 

within the dataset for each cooking temperature for muscle fibres (Figure 7.3) and for IMCT 

(Figure 7.4). Based on the second derivatives of the IR absorbance of the muscle fibres of 

cutaneous trunci and masseter, there is no separation between muscle/fibre types in the raw 

condition (Figure 7.3a). However, very clear separation is visible when the muscle/fibre types 

are compared at 50°C, 55°C, 60°C and 80°C (Figures 7.3b, 7.3c and 7.3d) with 63 %, 86 %, 84 % 

and 79% of data variance respectively explained by the PC1 component. Based on the loading 

plot (Figure 7.3j), the separation indicates that more aggregated strands (1628-1632 cm-1) are 

formed in cutaneous trunci with heating than in masseter at 50°C- 60°C (Figure 7.3j), while more 

α-helix (1654-1658 cm-1) structures are preserved in masseter than in cutaneous trunci at these 

temperatures and at 80°C (Figures 7.3h and 7.3j). There is also a tendency for scores to be 

clustered in two groups based on the muscle/fibre type at the PCA analyses within the remaining 

temperature groups (65°C, 70°C, 75°C and 85°C), but the separations are not attributed to only 

one component (Figures 7.3e, 7.3f, 7.3g and 7.3 i). 
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Figure 7. 3 Principal Component Analyses (PCA) of differences between muscle/fibre type (bovine masseter, cutaneous trunci) within temperature treatment (50-85°C) on protein 

denaturation in muscle fibres. PCA score plots of second derivatives of infrared (IR) absorbance in Amide I region (1600-1700 cm-1): a) raw and cooked at b) 50°C, c) 55°C, d) 60°C, e) 

65°C, f) 70°C, g) 75°C, h) 80°C, i) 85°C; and j) associated loading plot.  
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Figure 7. 4 Principal Component Analyses (PCA) analyses of differences between muscle/fibre type (bovine masseter, cutaneous trunci) within temperature treatment (50-85°C) on 

protein denaturation in the intramuscular connective tissue (IMCT). PCA score plots of second derivatives of the IR absorbance in the Amide I region (1600-1700 cm-1): a) raw and 

cooked at b) 50°C, c) 55°C, d) 60°C, e) 65°C, f) 70°C, g) 75°C, h) 80°C, i) 85°C; and j) associated loading plot. 
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7.3.3.2.3. Interactive effect of muscle/fibre type and temperature 

To determine which differences between the muscles are statistically significant, wavenumbers 

that appeared on the loading plots of the PCA analysis of the individual muscles (Figures 7.2e 

and 7.2f) were selected if they appeared on the loading plot of the PCA analysis of the whole 

dataset (Supplementary material, Figure 7.S. 1). Consequently, the bands assigned to aromatic 

side chains/tyrosine (1605 cm-1), aggregated strands (1624 cm-1), unordered structures/random 

coil (1635 cm-1), α-helix (1655 cm-1) and β-sheet (1685 cm-1) were chosen for further statistical 

analysis of the IR absorbance of the muscle fibre. There was a significant two-way interaction 

between muscle/fibre type and temperature for all five identified wavenumbers (p<0.001 for 

all, see Table 7.S. 1 in Appendix for significance of all factors) (Figure 7.5a). Overall, it appears 

that the transition from raw to cooked state and the increase in temperature leads to a decrease 

in native α-helix and β-sheet structures, and an increase in random coil, aggregated strands and 

aromatic side chains in the muscle fibre proteins of both muscles (Figure 7.5a).  

The decrease in α-helix secondary structures is the greatest change amongst all changes for the 

proteins in the muscle fibres of both muscles (Figure 7.5a). A decrease in α-helix structures with 

heating was reported in previous studies for bovine semitendinosus (Astruc, et al., 2012) and 

porcine longissimus thoracis (Bertram, et al., 2006; Böcker, et al., 2007).  The band at 1635 cm-

1, tentatively related to random coil, shows an unusual pattern for both muscles as it shows an 

increase in absorbance at temperatures up to 65°C followed by a decrease to a level comparable 

to raw muscle (Figure 7.5a). In contrast, other studies have shown an increase of absorbance in 

relation to heating at 1630 cm-1 and 1635 cm-1 and have related this to an increase in aggregated 

strands and β- turns/bends, respectively (Kirschner, et al., 2004; Mitra et al., 2017). The increase 

in aggregated strands with heating (Figure 7.5a) is also supported by studies in bovine 

semitendinosus (Astruc, et al., 2012), bovine longissimus dorsi  (Kirschner, et al., 2004) and 

porcine longissimus thoracis  (Bertram, et al., 2006; Böcker, et al., 2007; Mitra, et al., 2017). The 

absorbance for the aromatic side chain/tyrosine (1605 cm-1) band showed an increasing trend 

up to 70°C and 75°C for masseter and cutaneous trunci, respectively. Contrary to this, Bertram 

et al. (2006) showed a decrease in the 1610 cm-1 band with heating of porcine longissimus 

thoracis and also related this to the amino acid tyrosine. However, their study supported our 

findings regarding native β-sheet (Figure 7.5a) which they also found to decrease with the 

increase in temperature, up to 81°C (Bertram, et al., 2006).
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Figure 7. 5 Effect of muscle/fibre type (masseter vs cutaneous trunci) and cooking temperature (50°C-85°C) on predicted means of the Infrared (IR) absorbance at the wavenumbers: 

1655 cm-1, 1635 cm-1, 1624 cm-1, 1685 cm-1 and 1605 cm-1 for the muscle fibre, p<0.001. b) Effect of muscle type (masseter vs cutaneous trunci) and cooking temperature (50°C-

85°C) on predicted means of the IR absorbance at the wavenumbers: 1655 cm-1, 1666 cm-1, 1647 cm-1, 1624 cm-1 and 1685 cm-1 for the Intramuscular connective tissue (IMCT). 

The vertical line on each symbol represents the least significant differences (LSDs) for the interaction muscle type x temperature, p<0.001.
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The effect of the carcass was significant for all five wavenumbers indicating the importance of 

carcass variability on changes in secondary structures of muscle fibre proteins in meat in 

response to heat (p<0.05). Namely, carcass 2 had less alpha-helices, β-sheet structures and 

random coil secondary structures and more aggregated strands and aromatic side chains/ 

tyrosine than carcass 1 based on the direction of the carcass effect in the statistical analysis.  

When the two muscles are compared to each other, it is evident that the comparison is valid 

since the absorbance in the raw samples of the two muscle types does not differ (Figures 7.2b, 

7.3a and 7.5a). The largest and most consistent differences between the two muscles occurred 

at temperatures ≤ 60°C, with almost no changes in the secondary structure of proteins in 

masseter, and less α-helix and β-sheet and more random coil, aggregated strands and aromatic 

side chains/tyrosine in cutaneous trunci than in masseter (Figure 7.5a). Interestingly, except for 

minor changes in absorbance between raw and 50°C (α-helix, β-sheet and aggregated strands) 

cooking temperature, and between 50°C to 60°C (aromatic side chains/tyrosine), muscle fibre 

proteins in masseter demonstrate a strong resistance to heating at low cooking temperatures, 

as no changes in their secondary structures are observed in the absorbance at the selected 

wavenumbers when cooked at temperatures lower than 65°C (Figure 7.5a). At 65°C, muscle fibre 

proteins of masseter undergo major changes in the IR absorbance of all tested wavenumbers, 

and the largest increment of change for all wavenumbers occurs between 60°C and 75°C, 

irrespective of the direction of the change (Figure 7.5a). In contrast, muscle fibre proteins in 

cutaneous trunci were more sensitive to heat, as they showed changes in IR absorbance already 

at the lowest tested cooking temperature.  

7.3.3.2.4. The thermal stability differences between muscle fibre proteins of masseter and 

cutaneous trunci at ≤60°C are attributed to myosin (Differential Scanning calorimetry (DSC) 

and Fourier Transform Infrared (FTIR) microspectroscopy) 

To understand which proteins are responsible for the difference in thermal denaturation in 

cutaneous trunci compared to masseter at temperatures ≤60°C in the FTIR results (Figure 7.5a), 

we can use the DSC thermogram (Figure 7.1). In the DSC thermogram, the temperature region 

<60°C is where complete myosin denaturation occurs in cutaneous trunci and an only an onset 

of collective myosin, collagen and sarcoplasmic protein denaturation occurs in masseter. This 

implies that the major differences in the thermal denaturation measured by FTIR and DSC 

between masseter and cutaneous trunci are the differences in the onset and transition 

temperature of myosin. As α-helix structures are known to be abundantly present in myosin 

(>48 %) (Xiong, 1997), it is not surprising that the largest differences between the masseter and 
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cutaneous trunci in the α-helix decrease with heating (Figure 7.5a) occurs in the myosin 

denaturation region. The major changes in the secondary structure of muscle fibre proteins in 

masseter, as measured by FTIR (Figure 7.5a), occur at temperatures higher than 60°C, despite 

the DSC thermogram showing that the onset of denaturation occurs at <60°C (Figure 7.1).  With 

FTIR, the changes in masseter are not visible until >60°C (Figure 7.2b and Figure 7.5a) and 

become apparent only when the Tmax of the first peak on the DSC thermogram has been 

surpassed (Figure 7.1). For cutaneous trunci, significant changes are visible in the FTIR 

measurements already at 50°C which aligns with the onset of the myosin peak being at 

temperatures <50°C. Therefore, myosin in masseter appears to be more thermostable in terms 

of its secondary structure compared to myosin in cutaneous trunci. 

Our findings of lower thermostability of myosin in cutaneous trunci are supported by a study on 

the thermal stability of isolated myosin which showed that the head and the rod of the myosin 

from cutaneous trunci were less thermally stable than the same parts of the myosin isolated 

from masseter. The technological value and thermal stability of different types of myosin was 

shown by Young et al. (1992) who found the gelation temperature of myofibrillar proteins in 

cutaneous trunci to be about 10°C lower than the gelation temperature of myofibrillar proteins 

in masseter,  identifying the lower thermal stability of the fast myosin rod in cutaneous trunci as 

a potential reason for the difference. Differences in the thermal stability can potentially be 

linked to difference in their primary structure. Masseter, containing slow MyHC I, and cutaneous 

trunci, known to contain fast MyHC II, differ in their amino acid composition, with slow MyHC I 

having numerous substitutions in the loop 1, loop 2 and light chain regions as well as a shorter 

sequence (5 amino acids) (Chikuni et al, 2004). 

However, the effect of ultimate pH, or its interaction with the myosin type, cannot be excluded 

from causing the observed differences between the muscles. It has previously been shown that 

more β-aggregated strands are formed at lower pH than at higher pH in muscle proteins (Böcker, 

et al., 2006).  This theory is also supported by Stabursvik and Martens (1980) who demonstrated 

that increased pH leads to a higher Tmax of myosin in bovine semimembranosus (incubated in a 

pH range between 5.45 to 6.75). In addition, it is known that the myosin head is more sensitive 

to pH than collagen and actin (Stabursvik & Martens, 1980). However, in another study, myosin 

extracted from cutaneous trunci had a lower transition temperature (measured by DSC) than 

myosin from masseter, even when the pH was adjusted to the same level (Egelandsdal, et al., 

1994). This implies that while pH may have an additional effect, the difference in the thermal 

stability of secondary structures of myosin between myosin isoforms can be inherently due to 

the contractile type, not due to the difference in pH. This agrees with our hypothesis that 
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proteins, specifically myosin, from muscles fibre of type II denature at lower temperature than 

myosin from type I muscle fibres. 

7.3.3.3. Differences in the thermal denaturation of IMCT proteins of masseter and 

cutaneous trunci based on the Amide I FTIR spectra 

7.3.3.3.1. Temperature effect within muscle/fibre type (Principal Component Analysis (PCA)) 

The heating-induced changes in the conformation of the proteins in the IMCT were much smaller 

than in muscle fibres, with minor shifts in the absorbance, as shown in the second derivatives of 

the FTIR absorbance for both muscles (inset panels, Figures 7.2g and 7.2j). For both muscles, the 

most prominent peak within the Amide I region is again the at the α-helix band, which seems to 

flatten out with the increase in temperature (Figures 7.2g and 7.2j). It should be noted that for 

IMCT, mainly composed of collagen, the helix formed by the three main α- chains is structurally 

different to the α-helix of other proteins. In the IMCT of masseter, the only visible change in the 

IR absorbance (second derivatives) occurs with heating between 60°C and 65°C (inset panel, 

Figure 7.2g), as within this temperature range, the α-helix peak disappears and the absorbance 

flattens (between 1640 cm-1 and 1670 cm-1). In cutaneous trunci, there is a downward shift in 

the α-helix associated peak between raw and 50°C, which is very different to masseter (inset 

panel, Figure 7.2j). However, similar to masseter, the α-helix associated peak disappears at 65°C 

for the IMCT of cutaneous trunci (inset panel, Figure 7.2j). 

In the PCA analysis of the second derivatives of the IR spectra collected from the IMCT, similar 

to in the muscle fibre, PC1 reflects the temperature effect on the IR absorbance of the IMCT of 

masseter (explaining 54 % of the data variance, Figure 7.2h) and cutaneous trunci (explaining 63 

% of the data variance, Figure 7.2k) in both muscles and there is no specific separation on the 

PC2 component. It is evident that 60°C and 65°C are the transition temperatures that 

discriminate the data for both muscles on the PC1 component and based on the loading plot 

(Figures 7.2i and 7.2l), less α-helices and more aggregated strands are present in IMCT of 

masseter and cutaneous trunci cooked at ≥65°C, than at ≤60°C. This is not surprising, since 

collagen in meat is known to have a transition temperature between 59°C and 69°C (Purslow, 

2018). What is surprising in this case, is the separation between scores for cutaneous trunci in 

the raw condition and the 50°C- cooked condition, and this will be discussed further in section 

3.3.3.4.  

7.3.3.3.2. Muscle/fibre type effect within temperature (Principal Component Analysis (PCA)) 

The PCAs within each individual temperature of the IR data collected from the IMCT show a clear 

separation between masseter and cutaneous trunci in meat cooked to temperatures ≤60°C 

(Figures 7.4a-d). The separation is driven by PC1 under all temperature conditions. PC1 explains 
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31 %, 49 %, 53 % and 36 % of the variance for raw meat (25°C) and for the temperature 

treatments 50°C, 55°C and 60°C, respectively (Figures 7.4a-d). The loadings of the PC1 

component show that when IMCT of cutaneous trunci is cooked at 50°C, 55°C and 60°C, it has 

less α-helices (1658 cm-1) and more aggregated strands (1628 cm-1) than masseter (Figure 7.4j). 

There were some indications that IMCT proteins in cutaneous trunci had less unordered 

structures and more turns than masseter when raw, or when cooked to 60°C (Figures 7.4a, 7.4d 

and 7.4j) since the PC2 component included loading peaks related to unordered structures (1647 

cm-1) and turns (1662/1666/1669 cm-1). At the remaining temperatures (≥65°C), there were no 

intermuscular differences of masseter and cutaneous trunci in the scores representing the 

changes in proteins conformation in IMCT (Figures 7.4e-i).
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7.3.3.3.3. Interactive effect of muscle/fibre type and temperature 

For statistical analysis of the differences in the IR absorbance of IMCT in masseter and cutaneous 

trunci, the following secondary structures were selected (Supplementary material, Figure 7.S.2); 

aggregated strands (1624 cm-1), unordered structures (1647 cm-1), α-helix (1655 cm-1), turns 

(1666 cm-1) and native β-sheet (1685 cm-1). There was a two-way interaction between muscle 

and temperature (p<0.001 for all, see Table 7.S. 1 in supplementary materials for significance of 

all factors) for the analyses of all wavenumbers (Figure 7.5b). An increase in temperature led to 

a decrease in the amount of α- helices, turns, unordered structures and native β-sheet and an 

increase in aggregated strands in the proteins of the IMCT of both muscles. The number of 

aggregated strands in proteins of the IMCT increased with heating which has been shown before 

for IMCT in bovine longissimus thoracis et lumborum (Kirschner et al., 2004) (Figure 7.5b), but 

the increase was smaller than in muscle fibres (Figure 7.5a). This could be due to the biological 

ability of glycine residues (amongst the main amino acids of collagen) to reduce aggregation 

rates (Shoulders & Raines, 2009). The decrease in absorbance of the band at 1647 cm-1 (Figure 

7.5b) assigned to unordered structures in both muscles is in contrast to previous research 

showing an increase in the absorbance at the 1642 cm-1 band after fast heating of porcine 

longissimus muscle (Wu, Bertram, Böcker, Ofstad, & Kohler, 2007). It is clear that α-helices in 

the IMCT (Figure 7.5b) undergo less changes with heating when compared to  α-helices in muscle 

fibre proteins (Figure 7.5a) and this finding is supported by Astruc et al.(2012) and Kirschner et 

al.(2004). On the other hand, the decreased presence of turns or loops (1666 cm-1)(Figure 7.5b) 

is supported by an FTIR study on the effect of cooking on ground beef (Calabrò, & Magazù, 2014) 

which included both connective tissue and myofibrillar proteins in porcine longissimus dorsi 

(Bertram, et al., 2006). The carcass, included as a random factor, was only significant in the case 

of the β-sheet (1685 cm-1) band (p<0.01), where the second carcass was associated with less 

native β-sheet structures. 

A comparison between the changes in the IMCT of masseter and cutaneous trunci is valid since 

raw samples have the same absorbance for both muscles for all wavenumbers analysed (Figure 

7.5b). The conformation of proteins in the IMCT of masseter and cutaneous trunci show 

differences, between muscles, mostly at 50°C and 55°C (Figure 7.5b), where cutaneous trunci 

shows a decrease in α-helices, turns, unordered structures and β-sheet and an increase in 

aggregated strands, while masseter shows either minor, or no changes.  
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7.3.3.3.4. Are intermuscular differences in the changes in protein secondary structure at ≤60°C 

between masseter and cutaneous trunci due to collagen? 

While we would be tempted to associate changes in the conformation of IMCT proteins in 

cutaneous trunci at 50-55°C to collagen as the major component, this seems to be unlikely as 

the DSC thermogram showed that the transition temperature for collagen is ~63°C for both 

muscles. We also showed that solubility of the collagen was comparable between the muscles 

(section 7.3.1). This suggests that other proteins present in the extracellular space, might 

denature at temperatures <60°C and cause the FTIR observed changes in absorbance of the 

chosen secondary structures in cutaneous trunci (Figure 7.5b). Two groups of proteins can 

potentially be implicated being, glycoproteins in the IMCT and sarcoplasmic proteins. Kirschner 

et al. (2004) mentions glycoproteins in the IMCT to be rich in β-sheet which might have been 

affected by the thermal denaturation and cause the FTIR observed changes. In addition, 

fluctuations in protein composition of the extra- and intra-cellular compartments with heating 

are expected as shrinkage of the muscle cells in the transverse direction can start at 45°C or 

50°C, and this can result in water and soluble proteins being redistributed to the extracellular 

space. Tornberg (2005) has postulated that sarcoplasmic proteins aggregate mostly between 

40°C and 60°C. Although on the DSC thermogram we associate the peak at 63°C with 

sarcoplasmic proteins along with collagen (Figure 7.1 and section 7.3.2), Stabursvik and Martens 

(1980) showed that sarcoplasmic proteins extracted from bovine semimembranosus showed a 

minor peak also at temperatures lower than 60°C. It is possible that the lower pH of cutaneous 

trunci leads to greater denaturation of glycoproteins and sarcoplasmic proteins which would not 

occur at the higher pH of masseter (Section 7.3.1). This hypothesis is in line with a DSC study of 

sarcoplasmic proteins where the minor peak associated with sarcoplasmic proteins emerged at 

a higher temperature in bovine semimembranosus in the thaw loss at higher pH (pH 6.1) than in 

the whole muscle at a normal ultimate pH (5.4) (Stabursvik & Martens, 1980). Our results (DSC, 

Figure 7.10) are in line with our hypothesis that collagen denaturation will occur at the same 

transition temperature in both muscles. However, the onset of protein denaturation in the IMCT 

at a lower temperature in cutaneous trunci than in masseter (FTIR, Figure 7.5b) deviates from 

our hypothesis. We attribute this to the earlier denaturation of proteins other than collagen 

(glycoproteins and sarcoplasmic proteins) in cutaneous trunci at the lower native pH (5.5) 

relative to masseter (6.1-6.5) (not visible on the DSC thermogram in Figure 7.1). 
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7.3.4. Implications for meat quality 

The differences in the thermal denaturation between muscles of different fibre type in our study 

has implications for meat quality, because it is known that denaturation of muscle proteins leads 

to shrinkage (Tornberg, 2005), cooking loss (Purslow, et al., 2016) and changes in the tenderness 

of these muscles (Hamm, 1966; Martens, et al., 1982). Therefore, at temperatures <60°C, based 

on our results, we would expect an earlier onset and extent of shrinkage and cooking loss in 

cutaneous trunci than in masseter. The implications of the earlier onset of denaturation of 

myosin in the muscle fibre and the denaturation of the proteins of the IMCT, in cutaneous trunci 

compared to masseter on their tenderness would be more difficult to anticipate, as their 

denaturation is associated with opposite effects on the tenderness, toughening (Martens, et al., 

1982) and tenderization (Hamm, 1966), respectively . 

7.4. Conclusion 

Muscles composed of type I (masseter) and predominantly type II (cutaneous trunci) fibres 

undergo protein denaturation at different temperatures. Combining FTIR and DSC analyses 

allowed attribution of the observed differences between the muscle types to specific proteins. 

At temperatures ≤60°C, the denaturation of proteins in the muscle fibres of cutaneous trunci 

had earlier onset and occurred to a much greater extent compared to the proteins of masseter, 

which just start denaturing at <60°C but had their first transition peak at >60°C. The difference 

between the onset and extent of the muscle fibre protein denaturation between the masseter 

and cutaneous trunci is attributed to the type of myosin i.e. their fibre type. On the other hand, 

earlier onset and greater extent of denaturation of proteins in the IMCT of cutaneous trunci 

compared to masseter at <60°C is attributed to other proteins in the extracellular space such as 

glycoproteins or sarcoplasmic proteins sensitive to the pH difference. Future study is necessary 

to investigate whether the pH, muscle/fibre type or their interactive effect is the driving factor 

for the differences in thermal denaturation of proteins in masseter and cutaneous trunci.  
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7.6. Appendix 

Table 7.S. 1. Significance levels for fixed, random factors and interaction of fixed factors for analysis presented in 

Figure 7.5. 

Secondary structure Muscle 

type 

Temperature Muscle type 

x 

temperature 

Carcass 

Muscle fibre 

1655 cm-1 α-helix <0.001 <0.001 <0.001 <0.001 

1635 cm-1 random coil <0.001 <0.001 <0.001 <0.05 

1624 cm-1 aggregated 

strands 

<0.001 <0.001 <0.001 <0.001 

1605 cm-1 aromatic side 

chains/tyrosine 

<0.001 <0.001 <0.001 <0.01 

1685 cm-1 β-sheet <0.001 <0.001 <0.001 <0.001 

IMCT 

1655 cm- α-helix >0.95 <0.001 <0.001 <0.001 

1666 cm-1 turns  >0.05 <0.05 <0.001 <0.001 

1647 cm-1 Unordered 

structures 

>0.05 <0.05 <0.001 <0.001 

1624 cm-1 Aggregated β-

strands  

>0.05 <0.001 <0.001 <0.001 

1685 cm-1 β-sheet  <0.004 >0.05 <0.001 <0.001 
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Figure 7.S. 1. Principal Component Analysis (PCA) analysis of the second derivatives of the IR absorbance from the 

muscle fibre area of masseter and cutaneous trunci muscles cooked in a water bath to 50°C, 55°C, 60°C, 65°C, 70°C, 

75°C, 80°C and 85°C: a) grouped based on temperature; b) grouped based on muscle type; c) loadings plot of the 

PC1 and PC2. 
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a)                         

b)  

                         c)          

Figure 7.S. 2. Principal Component Analysis (PCA) analysis of the second derivatives of the IR absorbance from the 

IntraMuscular Connective Tissue (IMCT) of masseter and cutaneous trunci muscles cooked in a water bath to 50°C, 

55°C, 60°C, 65°C, 70°C, 75°C, 80°C and 85°C: a) grouped based on temperature; b) grouped based on muscle type; 

c) loadings plot of the PC1 and PC2.  
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CHAPTER 8 

Chapter 8 investigates whether the identified differences in thermal denaturation from Chapter 

7, are reflected in the structural shrinkage and meat quality of masseter and cutaneous trunci, 

as muscles composed of different fibre types. This Chapter includes measurements of meat 

quality and shrinkage, supported with more expanded dataset for protein denaturation 

compared to Chapter 7. 

Chapter 8 is not yet submitted for publication at the time of thesis submission, and therefore is 

included as manuscript in progress. 
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Abstract 

The aim of this study was to compare the quality and structural changes during cooking in beef 

muscles of different fibre types. Masseter and cutaneous trunci were collected 1-day post-

mortem from both sides of 10 bovine carcasses. The muscles were assessed for their quality 

(cooking loss and Warner-Bratzler shear force (WBSF)), structural (shrinkage of meat cuboids 

measured using caliper, and of fibre fragments measured using microscopy) and protein 

conformation changes (Differential Scanning Calorimetry, DSC) during heating up to 85°C, using 

a consistent heating rate across methods (5°C/min). Masseter had a lower cooking loss than 

cutaneous trunci when cooked at temperatures <80°C (p<0.01) and lower WBSF at temperatures 

≥80°C (p<0.001). Longitudinal shrinkage on a cuboid level was the same among the muscles but 

was greater in cutaneous trunci than in masseter on a fibre level at 60°C-80°C (p<0.001). 

Cryosections from meat cuboids showed more transverse shrinkage of muscle fibres of 

cutaneous trunci at 55°C and 60°C compared to masseter.  The transverse and volume shrinkage 

were greater in fibre fragments of cutaneous trunci than in masseter between 55°C-65°C 

(p<0.001 for both). Denaturation of myosin influenced transverse shrinkage, and denaturation 

of actin, and potentially titin, influenced longitudinal shrinkage. The greater transverse and 

volume shrinkages, and cooking loss, of cutaneous trunci at <65°C compared to masseter was 

related to the onset of myosin denaturation at lower temperatures and more extensive 

denaturation when exposed to the same thermal energy input (at <2 J/g). Protein denaturation 

explained 71% variability in muscle fibre volume shrinkage of both muscles, 57 % variability in 

cooking loss of both muscles and 45 % variability in WBSF of masseter.  
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8.1. Introduction 

Muscle fibres can be categorized based on their contractile, metabolic and enzymatic properties 

into different fibre types. There are several fibre type categorization systems that are used, 

based on different criteria, but in general three main categories of fibres are distinguished: type 

I (slow-twitch, red, β-red, oxidative), type IIA (fast twitch, intermediate, α-red, oxido-glycolytic) 

and type IIX/IIB (fast contracting/twitch, white, α-white, glycolytic) (Ashmore & Doerr, 1971; 

1970). One of the most important differences between fibres of each type is the isoform of 

myosin whose structures vary in the heavy chain (MyHC) (Young & Davey, 1981) and the light 

chain (MLC) parts of the molecule (Lowey et al., 1971). The fibre types I, IIA and IIX in cattle are 

specifically named after the MyHCs contained in the myosin molecules in a fibre of that type. 

Type I fibres are associated with low myofibrillar ATPase activity, low glycogen and low 

contraction speed, contrary to the high myofibrillar ATPase activity, high glycogen content and 

high contraction speed of type II fibres (Pearson & Young, 1989; Schiaffino & Reggiani, 2011). 

Most muscles are composed of a mixture of fibres of the three fibre types. In cattle, two muscles 

with distinct fibre type composition are masseter, which is composed of type I fibres only (Picard 

et al., 1999; Young et al., 1992; Young & Davey, 1981), and cutaneous trunci which is purely 

(Picard et al., 1999), or predominately, composed of type II fibres (Meyer & Egelandsdal, 1992; 

Totland & Kryvi, 1991; Young & Davey, 1981).  

A substantial amount of evidence shows that the fibre type composition of a muscle affects its 

meat quality, including the water-holding capacity and tenderness (instrumentally and 

sensorially assessed). In relation to water-holding capacity, many studies in pork have focused 

on the association between fibre type and drip loss as a measure of water holding capacity 

(WHC) in raw condition (Chang et al., 2003; Gil et al., 2008; Ryu & Kim, 2005). However, only a 

few studies have investigated the association between fibre type and WHC of cooked meat 

measured as cooking loss (Kim et al., 2013). Kim at al. (2013) found that larger type IIB fibres 

were related to greater cooking loss in porcine longissimus thoracis. In contrast, numerous 

studies have analysed the relationship between the fibre type of a muscle and meat tenderness 

in beef. While there is an association between fibre type I and increased tenderness (Chriki et 

al., 2012; Hwang et al., 2010; Maltin et al., 1998) and fibre type IIX/IIB and decreased tenderness 

(Calkins et al., 1981; Hwang et al., 2010), some studies have shown an insignificant association 

(Chriki et al., 2013) or the reverse of these (Seideman et al., 1987). It is known that changes in 

the tenderness and WHC with heating are driven by protein denaturation (Hamm, 1966; 

Martens et al., 1982; Tornberg, 2005) and therefore, it is important to understand if the effect 

of fibre type on tenderness and cooking loss is related to protein denaturation during cooking. 
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As the temperature is increased during cooking, meat consecutively undergoes shrinkage in a 

transverse, and then in a longitudinal, direction (Warner et al., 2017), postulated to be due to 

the denaturation of the muscle proteins myosin and actin respectively (Purslow et al., 2016). 

Our research has shown that mixed muscles rich in type I fibres (psoas major) showed onset of 

transverse shrinkage at temperatures higher than muscles rich in type II fibres (semitendinosus 

and biceps femoris) (Vaskoska et al.,2020c Chapter 6), which points to potentially different 

thermal denaturation dynamics in muscles of different fibre types.   

Indeed, Egelandsdal et al. (1994) found that the secondary structure of myosin isolated from 

masseter (type I fibres) was less sensitive to heat than the secondary structure of myosin 

isolated from cutaneous trunci (type II fibres) at elevated temperatures. Another study, using a 

different set of bovine muscles (Vega-Warner & Smith, 2001), also showed that isolated myosin 

from muscle rich in type II fibres (semimembranosus) was less heat-stable than myosin from 

muscle rich in type I fibres (vastus intermedius) at their native ultimate pH. In contrast, Astruc 

at al. (2012) did not find differences in the thermal denaturation profile of muscle fibre proteins 

between fibres of different fibre types in the bovine semitendinosus. In our research, using 

Differential Scanning Calorimetry (DSC) and Fourier Transform Infrared microspectroscopy 

(FTIR), we have found that denaturation of cutaneous trunci proteins commenced at a lower 

temperature than those of masseter, potentially due to greater thermal sensitivity of the myosin 

II isoform (Vaskoska et al., 2020e Chapter 7).  

This study aims to discover if differences in protein denaturation in muscles with predominantly 

type I (masseter) or type II (cutaneous trunci) fibres are reflected in their response to heat in 

relation to their quality (tenderness, cooking loss) and structural (shrinkage on a cuboid and 

fibre level) changes.  

8.2. Materials and methods 

Masseter and cutaneous trunci were chosen as muscle models as they are predominantly 

composed of type I and type II fibres, respectively (Picard et al., 1994). Masseter is the main 

muscle of the cheek in cattle and cutaneous trunci is a muscle in the abdominal subcutaneous 

area (beef belly), known as the twitching muscle.  The muscles were collected at 1 day post 

mortem from 10 bovine carcasses (seven Angus breed, two Hereford and one Murray Gray) with 

an average hot carcass weight of 264.72±20.76 (SD) kg from an abattoir over six collection days. 

They were transported on ice to the laboratory. For the masseter muscle, due to its smaller size, 

muscles from both sides of the carcass were used, while cutaneous trunci were used only from 

one side of the carcasses and the side was chosen randomly.  
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8.2.1. Physical and chemical characterization of the muscles 

8.2.1.1. Measurement of weight, pH, sarcomere length, total and soluble collagen 

content and total water content (TWC) 

The physical and chemical characterization was conducted on each muscle from the ten 

carcasses (N=10). The weight of the whole cheek, the denuded masseter (without fat and 

epimysium) and the cutaneous trunci muscle, was recorded for each carcass on the day of 

collection. The pH of each muscle was measured with a pH meter (TPS WP-80 Pty Ltd, Brisbane, 

Victoria Australia) with temperature compensation probe (IJ 44, Ionode Pty Ltd., Brisbane, 

Victoria Australia) at two to three locations of the muscle.  

Two 50 mm (L) x 10 mm (W) x 5 mm (H) samples with a straight fibre direction were collected 

per muscle for determination of sarcomere length, and frozen at -20°C. The sarcomere length 

was measured with a laser diffraction device (custom built by University of New England, 

Armidale, New South Wales, Australia). While still frozen, a very thin tissue layer was shaved 

from the sample, parallel to the fibre orientation and then placed between two microscope glass 

slides. The distance of the lines reflected from the laser was measured and it was used to 

calculate the sarcomere length using the following equation: 

Sarcomere length= 0.635/SIN(ATAN(X/Y), 

where X is the diffraction distance and Y is the calibration distance from the top of the 

instrument to the slide holder. A minimum of six measurements per sample were conducted.  

Two separate samples of 25 g of each muscle were collected for testing the total, and soluble, 

collagen content respectively. The samples were freeze dried (Chamber FD3, Dynavac 

Engineering, Bayswater, Victoria, Australia and vacuum pump RV12, Edwards, Burgess Hill, UK) 

and the hydroxyproline content was measured based on the Association of Official Agricultural 

Chemists (AOAC) method, as modified by Starkey at al. (2015). For determination of soluble 

collagen, samples were pre- heated at 80°C for 2 h before acid hydrolysis (Starkey et al., 2015). 

Calculations of total and soluble collagen, based on the hydroxyproline content, were also done 

as given in Starkey et al. (2015). Two samples of ~3g of meat from each carcass were placed on 

an aluminium pan and kept in an oven at 104°C for Total Water Content (TWC) determination 

based on the method of Oillic et al. (2011).  
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8.2.2. Histological characterization of the muscles: Adenosine Triphosphatase 

(ATPase) and Nicotinamide Adenine Dinucleotide (NADH) staining 

Histological characterization of the muscles was conducted on samples from three carcasses 

(N=3) chosen randomly. Samples with dimensions 10 mm (L) x 10 mm (W) x 10 mm (H) were 

collected from the raw muscles, glued with Optimal Cutting Temperature compound (OCT, Leica, 

Wetzlar, Germany) to a wooden cork and immersed in iso-pentane cooled with liquid nitrogen. 

The cubes were stored at -80°C until further use. While still frozen, they were sectioned on a 

cryostat (model 1860, Leica, Wetzlar, Germany) at -20°C to a thickness of 10 µm and collected 

on Superfrost glass slides (Thermo Fischer Scientific, Waltham, Massachusetts, USA). The 

sections were then stored at -80°C until further use. Sections from each muscle were also stored 

for diameter measurement in order to calculate the transverse shrinkage as described in section 

8.2.5 below. 

Two staining procedures were conducted on the serial sections: determination of the oxidative 

or glycolytic metabolism of the muscle by Nicotinamide Adenine Dinucleotide (NADH) staining, 

and determination of Adenosine Triphosphatase (ATP-ase) activity that corresponds to 

contraction speed of the muscle. NADH staining was conducted after the sections were 

defrosted with incubation at 37°C with NitroBlue Tetrazolium (mass concentration 1.25%; 

Merck, Kenilworth, New Jersey, USA) and β-Nicotinamide adenine dinucleotide (mass 

concentration 1%; Merck, USA) in Tris buffer (0.2M pH 7.4).  ATPase staining was conducted 

based on a procedure by Brooke and Keiser (1970) and Guth and Samaha (1969), with an acid 

preincubation at pH 4.5 as this pH allowed for best separation between fibre types in cutaneous 

trunci. The method is based on the stability of ATPase of slow muscles (and conversely, the 

instability of myosin ATPase of fast muscles) in acidic environment, where the released 

phosphate forms cobalt phosphate in the presence of cobalt chloride and in combination with 

ammonium sulphide, black cobalt sulphide is formed. Black stained fibres are classified as type 

I, grey fibres as type IIB and white as type IIA fibres. The frequency of each fibre type on the 

section was calculated by counting the number of fibres of each type at five locations on each 

section. 

8.2.3. Experimental design ensuring uniform cooking parameters 

To allow for establishing relationships between the measurements of the quality, structural and 

protein conformation changes during the cooking of both muscles, the cooking method was 

designed specifically for this study. Three heating procedures were conducted across the 

measurements, including water bath heating of meat cuboids (changes in quality and structural 

https://www.google.com/search?rlz=1C1SQJL_enAU774AU775&q=Waltham,+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWMXCE3NKMhJzdRR8E4uLE5MzSotTS0qKd7AyAgC_w9ZWYAAAAA&sa=X&ved=2ahUKEwig8Kyz1dfnAhUVg-YKHQC9BokQmxMoATAWegQIDBAH
https://www.google.com/search?rlz=1C1SQJL_enAU774AU775&q=Kenilworth,+New+Jersey&stick=H4sIAAAAAAAAAOPgE-LUz9U3MEkzqChU4gIxjQzMStIstbSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1jFvFPzMnPK84tKMnQU_FLLFbyAwqmVO1gZAagLCb5hAAAA&sa=X&ved=2ahUKEwiK05v4ubLoAhXOZSsKHeC7Dd8QmxMoATAfegQIERAD
https://www.google.com/search?rlz=1C1SQJL_enAU774AU775&q=Kenilworth,+New+Jersey&stick=H4sIAAAAAAAAAOPgE-LUz9U3MEkzqChU4gIxjQzMStIstbSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1jFvFPzMnPK84tKMnQU_FLLFbyAwqmVO1gZAagLCb5hAAAA&sa=X&ved=2ahUKEwiK05v4ubLoAhXOZSsKHeC7Dd8QmxMoATAfegQIERAD
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changes on a cuboid level), microscope stage heating of fibre fragments (structural changes on 

fibre level) and micro furnace heating (protein conformation changes using DSC). To ensure 

comparability between the heating methods, two aspects were considered in the design of the 

process: continuity and heating rate. As the microscope stage and DSC furnace heating are 

continuous processes, the heating in the water bath was designed to mimic continuous heating 

by cutting the samples to the same defined dimensions and taking them out using metal skewers 

as they reach the desired temperature (See Section 8.2.4). A heating rate of 5°C/minute was 

chosen and optimized across all methods. While the heating rate of the microscopy stage and 

DSC furnace heating is automatically controlled, the heating rate of the meat placed in the water 

bath was optimized by adjusting the starting and the final temperature of the water bath, as 

well as the volume of the water (See Section 8.2.4). Finally, despite the sample size difference 

between the methods, the heating rate in different depths of the meat in the water bath was 

monitored prior to the experiment and this showed that the heating rate on the surface, and 

the inside, of the sample was consistently 5°C/minute with a small delay at the start of the 

heating in the centre of the sample. This indicated that the processes occurring in a fibre 

fragment exposed to microscope stage heating and in a micrograms sample in the DSC furnace 

are representative of what occurs at any time for the meat sample placed in the water bath.  

8.2.4. Cooking samples for measurement of quality (cooking loss, Warner- Bratzler 

Shear Force (WBSF)) and shrinkage (cuboid level) 

8.2.4.1. Cutting procedure 

Eight cuboids were cut from the masseter muscle from both sides (four cuboids per side), using 

the superficial portion of the muscle because of the size, uniformity and fibre orientation (Figure 

7.1a). Eight cuboids from cutaneous trunci were obtained from muscle from one side of the 

carcass, where mainly the thicker portion of the muscle was used (Figure 7.1b). Cuboids with 

dimensions: 50 mm (L) x 10 mm (W) x 10 mm (H) intended for cooking to eight different 

temperatures, were cut from each muscle, taking care that the long (50 mm) dimension had 

straight fibres oriented parallel with the length.  This was always the case for cutaneous trunci, 

but was harder to achieve for the masseter. One extra cuboid was cut from each muscle which 

was used as a control sample for temperature monitoring in the water bath. A pin was placed 

on one side of all cuboids to allow for measurement of the same long dimension of the cuboid 

before and after cooking and enable estimation of longitudinal shrinkage.  
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Figure 8. 1 Cutting procedure for preparation of cuboid samples from a) masseter, b) cutaneous trunci.  

8.2.4.2. Cooking procedure 

The water bath setup is shown in Figure 8.2. The cuboids were placed at the bottom of a 

polyethylene bag with marbles to prevent floating of the sample. Each bag was fixed on a metal 

skewer with clips. The skewers allowed easy removal of the samples when they reached the 

desired temperature. The water bath (Model 9112T12E, PolyScience, Niles, Illinois USA) was set 

to25°C and filled with 5.6 L of water. The bags with the cuboids were placed in the water bath 

using a randomized order (Figure 8.2a) and left to equilibrate until the internal temperature of 

the control sample reached 25°C. When the samples were equilibrated, the water bath was set 

to 95°C. The internal temperature of a control sample, placed in a bag in the middle of the water 

bath, was recorded with a datalogger and a T-type thermocouple (Grant Instruments, 

Cambridge, UK) (Figure 8.2b-c) and used as an indication of when the samples reach the target 

temperature.  
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Figure 8. 2 Water bath cooking setup. a) Temperature recording inline setup. b) Water bath setup: meat samples 

were placed in polyethylene bags, fixed with clips on skewers and immersed in a water bath. Each skewer had a 

temperature label. One control sample located in the middle for recording temperature. c) Example of probe 

positioning in a control sample. 

Figure 8.3 demonstrates the time-temperature plots for both muscles (a) masseter and b) 

cutaneous trunci. The average heating rate of the masseter cuboids was 5.14±0.06 (SE- standard 

error) °C/minute and the average heating rate of cutaneous trunci was 5.01±0.08 (SE) °C/minute. 

The bags were taken out of the water when the samples reached end-point temperatures of 

50°C, 55°C, 60°C, 65°C, 70°C, 75°C, 80°C and 85°C, hence one cuboid was cooked per 

temperature from each carcass. The samples were cooled in ice for 10 minutes, the time 

previously determined for the samples to return to internal temperature of 25°C. After cooling, 

they were dried with a paper tissue and used for quality measurements and subsampling 

described below.  

 

Figure 8. 3 Time-temperature plot of cooking method, a) masseter, b) cutaneous trunci. 



172 
 

8.2.5. Changes in quality during cooking 

8.2.5.1. Warner- Bratzler shear force (WBSF) 

WBSF of the cooked cuboids, with no further trimming, was measured on the next day, with a 

Lloyd texture analyser (Ametek, Berwyn, Pennsylvania USA) using a speed of 300 mm/min and 

a load cell of 500 N. Measurements were done on samples from six carcasses (N=6) with the 

blade shearing the samples in a direction perpendicular to the muscle fibres. Less samples were 

measured for WBSF because the cuboids from the other four carcasses were frozen for the 

histological characterization on the day of cooking, among which three were chosen for the 

staining.  

8.2.5.2. Cooking loss 

The weight of the cuboids was measured before and after cooking for each cuboid, and the 

cooking loss was calculated as the weight of the cooked cuboids relative to the weight of the 

raw cuboids. 

8.2.5.3. Structural changes (shrinkage on cuboid level) 

To estimate the longitudinal shrinkage of the cuboid sample, the length of the cuboids was 

measured on the long side identified with a pin before and after cooking. The shrinkage was 

calculated, as the length of the cooked meat cuboids relative to the length of the raw cuboids.  

To estimate the transverse shrinkage, measuring the width or height of the cuboids was not 

sufficiently precise because of their small dimensions (10 mm) and the measurement error was 

comparable to the difference in width. Therefore, transverse shrinkage was observed by imaging 

of thin transverse sections of cooked meat. The sections of 10 µm thickness were cut as 

described above on the cryostat (Section 8.2.2), stained with Picro-Sirius Red stain (Junqueira et 

al., 1979; Puchtler et al., 1973) for better discrimination of the fibres from the background, and 

then converted to black and white images in Microsoft Word with enhanced contrast (Office 16, 

Microsoft, Redmond, Washington, USA).  

8.2.5.4. Structural changes, shrinkage on a fibre level, under the microscope 

One g of meat was collected from each muscle from each carcass (N=10 for each muscle) for 

measurement of the shrinkage with heating on a structural level of the muscle fibre, under the 

microscope. For masseter, the side for sample collection was chosen randomly. The samples 

were stored overnight at 4°C. On the next day, the sample was placed in 10 ml of pH adjusted 

mannitol buffer (380 mM mannitol, 5mM potassium acetate) and homogenized at 11000 rpm, 
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with 3 bursts of 10 seconds with 2 breaks of 10 seconds, as described by Purslow et al. (2016). 

The pH of the mannitol buffer was adjusted to the pH close to their native pH (based on the 

measurements of the first carcass): 6.5 for masseter and 5.6 for cutaneous trunci. After 

homogenization, a 3.5 µl homogenate of each) was placed on a cavity slide (Westlab, Mitchell 

Park, Victoria, Australia) and sealed with a cover slip with nail polish. The slide/sample was 

equilibrated for 1 minute at 25°C and then heated to 85°C at a heating rate of 5°C/minute. 

Observations of 1-3 fibres per slide were made on compound light microscope Olympus BX53 

with camera DP73 (Olympus Australia Pty Ltd., Melbourne, Australia) using 40x magnification 

and Differential Interference Contrast (DIC). Images were taken at the same temperatures as 

the end-point temperatures for the water bath cooking (25°C, 50°C, 55°C, 60°C, 65°C, 70°C, 75°C, 

80°C and 85°C).  

8.2.6. Differential Scanning Calorimetry (DSC) 

On the day of collection, a sample of ~1 g was collected and stored overnight at 4°C. A subsample 

of approximately 20 mg was dissected on the next day corresponding to each carcass. The 

subsample was placed in an aluminium pan, sealed and placed in the furnace of the Differential 

Scanning Calorimeter (model 8000, Perkin Elmer, Waltham, Massachusetts, USA). An empty pan 

was used as a reference. The heating was conducted with a 1-minute isothermal step of 

equilibration at 25°C, heating steps of 5°C/ minute to 90°C and a cooling step of 30°C/minute. 

Data was collected from nine carcasses because the DSC equipment failed at the time of data 

collection for one carcass.  

8.2.7. Data analysis and visualization 

Descriptive statistical analysis of the muscle weight, pH, sarcomere length, total and soluble 

collagen, TWC and fibre type proportion was performed in Minitab (Version 19; Minitab, 

Pennsylvania, USA). Data analysis of cooking loss, WBSF and longitudinal shrinkage of the 

cuboids was conducted in Genstat using Restricted Maximum Likelihood (REML) method 

(Version 18, VSN International, Hemel Hempstead, UK) with muscle and temperature as fixed 

factors and carcass and muscle as random factors. The data on cooking loss did not fulfil the 

assumptions for a normal distribution, therefore the data was transformed by square root 

transformation. Transverse, longitudinal and volume shrinkage of the fibre fragments were 

analysed with muscle and temperature as fixed factors and carcass/muscle-pH group/slide/fibre 

as random factors using REML in Genstat (Version 18, VSN International, Hemel Hempstead, 

UK). The onset of shrinkage was defined as the temperature at which the predicted mean of the 

variable was greater for least significant difference (LSD) from zero. 

https://www.google.com/search?rlz=1C1SQJL_enAU774AU775&q=Waltham,+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LUz9U3MMuNLzBS4gAxM6qMTbW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYxcITc0oyEnN1FHwTi4sTkzNKi1NLSooB3MXvqlwAAAA&sa=X&ved=2ahUKEwjt06vtipbmAhUFyzgGHdNYB8YQmxMoATAQegQIDRAH
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DSC data was analysed in two ways. Conventionally, Tmax- (the maximum heat input for 

denaturation) and the enthalpy (heat of transition, ΔH) were calculated for each peak using the 

Pyris software (Pelkin Elmer, Waltham, Massachusetts, USA). The enthalpy of the individual 

peaks was calculated by integrating the peak area, using a baseline drawn specifically for that 

peak and the value was normalized for the sample weight. Additionally, cumulative enthalpy 

was calculated for each temperature of interest (50°C, 55°C, 60°C, 65°C, 70°C, 75°C, 80°C, 85°C) 

by firstly creating a baseline using the data points at 45°C and 50°C, for cutaneous trunci and 

masseter respectively, and at 85°C. The upper aligning point (close to 85°C) was occasionally 

modified, as sharp transitions are possible close to the maximum temperature of heating. 

Subsequently, the curve was shifted to zero baseline using 45°C or 50°C as a pivot point. Finally, 

the peak areas in the temperature intervals of interest (45-50°C, 50-55°C, 55-60°C, 60-65°C, 65-

70°C, 70-75°C, 75-80°C and 80-85°C) were integrated in the Pyris software and added 

cumulatively for each subsequent temperature.  Figure 8.S. 1 (a and b) in Appendix 

demonstrates the intervals and the areas for the partial integration used to calculate the 

cumulative enthalpy vs temperature. Finally, the cumulative enthalpy data (normalized on 

sample weight) was analysed as described above using REML in Genstat with muscle and 

temperature as fixed factors and carcass and muscle as random factors. As occurred with for 

cooking loss, this dataset also did not fulfil the assumptions of normal distribution, therefore it 

was subjected to square root transformation.  

Modelling of relationships between quality, structural and protein conformation changes was 

conducted in Minitab (Version 19, University Park, Pennsylvania, USA), using linear and 

quadratic model fitting. The data for one carcass was excluded based on outlying values of the 

enthalpy for cutaneous trunci, and in the case of cooking loss of cutaneous trunci one additional 

carcass was excluded again due to outlying values. 

The data was visualized using SigmaPlot (Version 14, Systat Software, San Jose, Californis, USA) 

and MS Excel (Office 16, Microsoft, Redmond, Washington, USA). The videos (1 and 2) were 

prepared in Windows Movie Maker (Office 16, Microsoft, Redmond, Washington, USA) 

combining the DSC profile of a sample from one carcass and the images of fibre fragments 

obtained from the same carcass. The microscopy images and the DSC profile were obtained as 

described in sections 8.2.6 and 8.2.7 respectively.  
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8.3. Results 

8.3.1. Muscle characterization 

The weight of the cheek from one side of the cattle was 0.79±0.1 kg in average and after 

trimming the weight of a denuded (surface fat and epimysium removed) masseter was 0.4±0.07 

(SD) kg (Table 8.1). The average weight of the cutaneous trunci muscle was 0.95±0.18 (SD) kg 

(Table 8.1). The pH of the cutaneous trunci ranged between 5.33 and 5.77 (Table 8.1). However, 

the pH of masseter was much higher, ranging between 6.07 and 6.66 (Table 1). The sarcomere 

length of cutaneous trunci was greater than the sarcomere length of masseter (2.76 µm vs 1.87 

µm respectively) (Table 8.1). Masseter contained more total and soluble collagen than 

cutaneous trunci, but for both the solubility was low (10 % and 6 % of total collagen on average, 

respectively) (Table 8.1). The TWC was 1.5 % higher in masseter than in cutaneous trunci.  

The fibre fragments isolated and used for quantifying shrinkage on fibre level, had pronounced 

differences between the muscles, as fibre fragments from cutaneous trunci were longer and had 

a smaller diameter than fibre fragments from masseter (Table 8.1).  

Table 8. 1 Physico- chemical characterization (mean, standard deviation, minimum and maximum) of bovine 

masseter and cutaneous trunci. 

Characteristic Unit Muscle N Mean Standard 
deviation 

Minimum Maximum 

Muscle weight kg Masseter 20 0.4 0.07 0.31 0.51 

Cutaneous trunci 20 0.95 0.18 0.62 1.21 

pH 
  

- Masseter 20 6.3 0.2 6.07 6.66 

Cutaneous trunci 20 5.56 0.13 5.33 5.77 

Sarcomere length µm Masseter 60 1.87 0.11 1.71 2.05 

Cutaneous trunci 60 2.76 0.17 2.54 3.08 

Total collagen 
content  

µg/mg 
freeze dried 
tissue 

Masseter 20 74.16 17.05 53.57 101.56 

Cutaneous trunci 20 60.97 10.09 45.80 73.79 

Soluble 
collagen content 

µg/mg 
freeze dried 
tissue 

Masseter 20 8.10 3.77 3.37 15.39 

Cutaneous trunci 20 3.65 1.12 2.26 5.811 

Total water content 
  

% Masseter 20 76.05 1.60 73.81 79.3 

Cutaneous trunci 20 74.62 1.69 72.95 77.07 

 

Fibre fragment 
diameter 

µm Masseter 20 33.93 7.95 24.99 60.05 

Cutaneous trunci 17 24.3 6.75 15.88 42.42 

Fibre fragment 
length 

µm Masseter 20 129.0
9 

41.8 69.22 237.93 

Cutaneous trunci 17 173.2 46.5 98.3 298.7 

* Number of samples for muscle weight, pH, sarcomere length, total and soluble collagen 

content and total water content calculated as number of carcasses (N=10) multiplied by within 

carcass replication for each measurement. 
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8.3.2. Histological characterization of the muscles 

In terms of their oxidative capacity based on NADH staining, masseter was purely oxidative 

(Figure 8.4a) and cutaneous trunci was a mixture of glycolytic and oxido-glycolytic fibres (Figure 

8.4b). The masseter muscles used in our study were composed of 100 % type I fibres (Figure 

8.4c, e), while the cutaneous trunci muscles were composed of 93.3 % type II fibres and 6.7 % 

type I fibres (Figure 8.4d). Within the type II fibres of cutaneous trunci, IIX fibres were 

predominantly present at 62.5 %, while the IIA fibres constituted 30.8 % of the muscle (Figure 

8.4f).  

 

Figure 8. 4 Histological characterization of bovine masseter and cutaneous trunci. a) Nicotinamide adenine 

dinucleotide (NADH) staining of transverse section of masseter; b) NADH staining of transverse section of 

cutaneous trunci; c) Adenosine triphosphatase (ATPase staining) of transverse section of masseter; d) ATPase 

staining of transverse section of cutaneous trunci. Images taken with a light microscope at 10x magnification. e) 

Frequency of fibres with a fibre type in masseter, carcass replication N=3; f) Frequency of fibres with a fibre type 

in cutaneous trunci, carcass replication N=3. Scale bar at top left represents size of 200 µm. 
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8.3.3. Changes in quality of masseter and cutaneous trunci with cooking 

 

Figure 8. 5 Effect of muscle type (masseter, cutaneous trunci) and end point cooking temperature (50°C, 55°C, 60°C, 

65°C, 70°C, 75°C, 80°C, 85°C) on the cooking loss of beef (carcass replication N=10). a) Values are back- transformed 

means; b) Values are predicted means and error bars are least significant difference (LSD) for the interaction muscle 

type x temperature. Significance of main and interactive effects as follows: p(muscle type)=<0.01, 

p(temperature)<0.001, p(muscle x temperature)<0.01.  

The cooking loss of both muscles increased continuously with the increase in temperature, and 

there was an interactive effect of the muscle type and temperature (p<0.001). As the data was 

transformed using square root transformation, the back transformed, as well as predicted 

means and least significant difference (LSD) are shown in Figure 8.5. Specifically, masseter had 

a greater cooking loss than cutaneous trunci at temperatures <80°C (Figure 8.5). When cooked 

to 85°C, the cooking loss of the cuboids of masseter and cutaneous trunci were 20.82 % and 

22.81 % respectively (Figure 8.5).  

 

Figure 8. 6 Effect of muscle type (masseter, cutaneous trunci) and end point cooking temperature (50°C, 55°C, 60°C, 

65°C, 70°C, 75°C, 80°C, 85°C) on the Warner- Bratzler shear force (WBSF) of beef (carcass replication N=5). Values 

are predicted means and error bars are least significant difference (LSD) for the interaction muscle type x 

temperature. Significance of main and interactive effects as follows: p(muscle type)=0.061, p(temperature)<0.001, 

p(muscle x temperature)<0.001. 
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WBSF also was affected by the interaction between the muscle type and temperature (p<0.001). 

With the increase in temperature masseter showed an improvement in tenderness, i.e. a 

decrease in WBSF, between 60°C and 70°C and again between 70°C and 80°C (Figure 8.6). The 

WBSF of cutaneous trunci remained very high (>75 N) at all cooking temperatures, and it showed 

a decrease in the WBSF when it was cooked to 65°C and 75°C if compared to 50°C (Figure 8.6). 

In contrast to the cooking loss, the WBSF of masseter and cutaneous trunci only differed when 

they were cooked to 80°C and 85°C with masseter having a lower WBSF (Figure 8.6). 

8.3.4. Structural changes in masseter and cutaneous trunci with cooking 

While the transverse shrinkage on a cuboid level could not be measured because of the small 

sample dimensions, microscopy images of the sections of the cuboids showed that indeed at 

temperatures ≤60°C, there is evident shrinkage of fibres of cutaneous trunci at 55°C and 60°C, 

but the fibre diameter of masseter remained the same (Figure 8.7).  
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Figure 8. 7 Microscopy images of cryo- sections of bovine masseter and cutaneous trunci, raw and cooked to 50°C, 55°C and 60°C. Images taken by light microscopy, at 20x 

magnification. Scale bar at top left represents size of 200 µm. 
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Both muscles had increased longitudinal shrinkage with the increase in temperature on a cuboid 

level (p<0.001; Figure 8.8). The onset of the longitudinal shrinkage occurred at 55°C. There was 

no difference between the muscles (p>0.05), nor an interaction between muscle type and 

temperature (p>0.05) in relation to the longitudinal shrinkage (Figure 8.8).  

 

Figure 8. 8 Effect of end point cooking temperature (50°C, 55°C, 60°C, 65°C, 70°C, 75°C, 80°C, 85°C) on the 

longitudinal shrinkage of bovine masseter and cutaneous trunci. Bars are predicted means and error bars are 

±standard error of difference (SED) for the effect of temperature. Significance of main factor: 

p(temperature)<0.001. There was no two-way interaction between muscle type and temperature, nor an effect of 

muscle type alone (p>0.05).   

The lowest temperature where transverse shrinkage was observed in isolated fibre fragments 

was 50°C for cutaneous trunci, and 55°C for masseter (Figure 8.9a). The transverse shrinkage of 

the isolated fibre fragments increased with the increase in temperature in both muscles up to 

70°C in cutaneous trunci and up to 75°C in masseter, after which temperature, the shrinkage 

reached a plateau and did not increase further (Figure 8.9a). There was an interactive effect 

between muscle type and temperature on the transverse shrinkage of the fibre fragments 

(p<0.001), with cutaneous trunci having a greater transverse shrinkage than masseter at 50°C, 

55°C, 60°C and 65°C and masseter having a greater transverse shrinkage than cutaneous trunci 

at 85°C (Figure 8.9a). The highest difference between the muscles in the transverse shrinkage of 

the fibre fragments occurred at 55°C where cutaneous trunci had 12 % more transverse 

shrinkage than masseter (Figure 8.9a).  
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Figure 8. 9 Effect of muscle type (masseter, cutaneous trunci) and heating temperature (50°C, 55°C, 60°C, 65°C, 

70°C, 75°C, 80°C, 85°C) on the shrinkage of bovine muscle fibre fragments isolated and heated at their ultimate pH 

(masseter pH 6.5, cutaneous trunci pH 5.6) (carcass replication N=10). a) Transverse shrinkage of fibre fragments: 

p(muscle type)=0.168, p(temperature)<0.001, p(muscle type x temperature)<0.001; b) Longitudinal shrinkage of 

fibre fragments: p(muscle type)=0.009, p(temperature)<0.001, p(muscle type x temperature)<0.001; c) Volume 

shrinkage of fibre fragments: p(muscle type)=0.122, p(temperature)<0.001, p(muscle type x temperature)<0.001. 

Values are predicted means and error bars are ±standard error of difference (SED) for the interaction between 

muscle type and end point cooking temperature.  

The longitudinal shrinkage of the fibre fragments also had an earlier onset in cutaneous trunci 

(55°C), than in masseter (65°C) (Figure 8.9b). However, the longitudinal shrinkage of the fibre 

fragments was minimal in both muscles at temperatures ≤70°C, with the greatest increase in 

shrinkage in cutaneous trunci between 70°C and 85°C, and in masseter between 75°C and 85°C 

(Figure 8.9b). Cutaneous trunci had a greater longitudinal shrinkage than masseter when cooked 

to temperatures ≥60°C and ≤80°C (interaction muscle type x temperature p<0.001; Figure 8.9b).  

Volume shrinkage of the fibre fragments, which combines the shrinkage in both directions, 

increased continuously with the increase in temperature up to 75°C for masseter and 70°C for 

cutaneous trunci (Figure 8.9c). There was an interactive effect of muscle type and temperature 

on the volume shrinkage of the fibre fragments (p<0.001) with cutaneous trunci having a greater 

shrinkage than masseter at 55°C, 60°C and 65°C (Figure 8.9c).  
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8.3.5. Protein denaturation in masseter and cutaneous trunci with heating 

The main difference in the DSC thermograms of bovine masseter and cutaneous trunci occurred 

between 45°C and 60°C, with cutaneous trunci showing a peak with a Tmax at 54°C and masseter 

showing no peak over the same temperature range (Figure 8.10a, Table 8.2). The transition 

temperatures for the first peak of masseter and the second peak of cutaneous trunci, and the 

second peak of masseter and the third peak of cutaneous trunci, overlapped at 63°C and 78.5°C, 

respectively. However, the enthalpy of the first peak of masseter (1.5 J/g) was higher than the 

sum of the enthalpies for the first and second peak of cutaneous trunci (Table 8.2), at 

temperatures <70°C. The shoulder peak of the first peak in masseter and the minor peak at 

>80°C were not analysed, because of difficulty of the separation of the peak area for the 

shoulder peak and the inconsistent presence of the minor peak between carcasses. 

 

Figure 8. 10 Protein denaturation in bovine masseter and cutaneous trunci. a) Average endothermic heat flow 

(thermograms) of bovine masseter and cutaneous trunci measured by Differential Scanning Calorimetry (DSC), 

heating rate 5°C/min. b) and c) The effect of muscle type (masseter and cutaneous trunci) and heating temperature 

(50°C, 55°C, 60°C, 65°C, 70°C, 75°C, 80°C, 85°C) on the cumulative enthalpy of protein denaturation in beef. Values 

in b) are back- transformed values of cumulative enthalpy, values in c) are predicted means for cumulative enthalpy 

after square root transformation and vertical bars in c) are least significant difference (LSD) for the interaction 

muscle type x temperature. Significance of main and interactive effects as follows: p(muscle type)=<0.001, 

p(temperature)<0.001, p(muscle x temperature)<0.001.  
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Table 8. 2 Denaturation enthalpy (mean, SD, minimum and maximum) of the major DSC peaks on the thermograms 

of masseter and cutaneous trunci with heating at a rate of 5°C/min. Carcass replication N=9. 

 

There was an interactive effect of muscle type and temperature on the cumulative enthalpy of 

the muscles (p<0.001; Figure 8.10b and c). A greater cumulative enthalpy is an indicator of 

greater thermal denaturation. Therefore, observations of the cumulative enthalpy of both 

muscles shows that heating at ≤60°C resulted in greater thermal denaturation of proteins in 

cutaneous trunci than in masseter, while heating at temperatures ≥75°C resulted in greater 

thermal denaturation of proteins in masseter than in cutaneous trunci (Figure 8.10b and c).  

8.3.6. Relationship between the protein denaturation and the structural and quality 

changes in masseter and cutaneous trunci with cooking 

Video 1 and Video 2 (videos can be found on the following link: https://tinyurl.com/yd94wd4l) 

illustrate the relationship between protein denaturation in masseter and cutaneous trunci and 

the shrinkage at a muscle fibre level respectively. From the videos, it is evident that transverse 

shrinkage in both muscles starts with the onset of the first peak in DSC, and that transverse 

shrinkage in masseter starts at higher temperature (60°C) than in cutaneous trunci (50°C). It 

appears that by the time the first peak is completed in both muscles, the transverse shrinkage 

is also completed. The second peak in cutaneous trunci does not seem to be associated with 

additional transverse shrinkage. Finally, with the onset of the peak II in masseter and peak III in 

cutaneous trunci, the longitudinal shrinkage starts, and is finished by the completion of the 

respective peak.  
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I cutaneous trunci 54.48 3.10 47.78 57.77 0.15 0.10 0.02 0.32 

I masseter 63.45 1.41 61.9 66.03 1.51 0.18 1.22 1.79 

II cutaneous trunci 62.94 0.90 61.14 64.26 0.34 0.23 0.12 0.77 

II masseter 78.54 0.73 77.75 79.6 0.48 0.09 0.33 0.58 

III cutaneous trunci 78.55 0.66 77.29 79.3 0.50 0.13 0.34 0.77 

https://tinyurl.com/yd94wd4l
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Figure 8. 11 Modelled relationship between the protein denaturation, structural and quality changes during 

cooking of bovine masseter and cutaneous trunci.  

Linear model describing volume shrinkage as a function of cumulative enthalpy ΔH in masseter: 

𝑽𝒐𝒍𝒖𝒎𝒆 𝒔𝒉𝒓𝒊𝒏𝒌𝒂𝒈𝒆 = 𝟏𝟐. 𝟑 + 𝟏𝟏. 𝟒𝟗 × ∆𝑯  (R2=70.94%; p<0.001); b) Quadratic model describing volume 

shrinkage as a function of cumulative enthalpy ΔH in cutaneous trunci:  𝑽𝒐𝒍𝒖𝒎𝒆 𝒔𝒉𝒓𝒊𝒏𝒌𝒂𝒈𝒆 = 𝟏𝟖. 𝟒 +

𝟐𝟒. 𝟔𝟑 × ∆𝑯 − 𝟒. 𝟓𝟔𝟕 × (∆𝑯)𝟐 (R2=70.81%; p<0.001); c) Linear model describing cooking loss as a function of 

cumulative enthalpy ΔH in masseter: 𝑪𝒐𝒐𝒌𝒊𝒏𝒈 𝒍𝒐𝒔𝒔 = 𝟏. 𝟒𝟔𝟖 + 𝟑. 𝟕𝟎𝟕 × ∆𝑯  (R2=57.79%; p<0.001); d) Linear 

model describing cooking loss as a function of cumulative enthalpy ΔH in cutaneous trunci: 𝑪𝒐𝒐𝒌𝒊𝒏𝒈 𝒍𝒐𝒔𝒔 =

𝟓. 𝟎𝟔𝟔 + 𝟒. 𝟐𝟐𝟗 × ∆𝑯 (R2=58.82%; p<0.001); e) Linear model describing WBSF as a function of cumulative enthalpy 

ΔH in masseter: 𝑾𝑩𝑺𝑭 = 𝟗𝟓. 𝟎𝟏 − 𝟖. 𝟓𝟐𝟒 × ∆𝑯  (R2=47.32%; p<0.001); d) WBSF as a function of cumulative 

enthalpy ΔH in cutaneous trunci (relationship can not be modelled); g) Quadratic model describing cooking loss as 

a function of volume shrinkage of fibre fragments in masseter: Cooking loss = 𝟎. 𝟗𝟕𝟕 + 𝟎. 𝟏𝟖𝟏𝟓 ×

𝑽𝒐𝒍𝒖𝒎𝒆 𝒔𝒉𝒓𝒊𝒏𝒌𝒂𝒈𝒆 (𝒇𝒊𝒃𝒓𝒆 𝒇𝒓𝒂𝒈𝒎𝒆𝒏𝒕) + 𝟎. 𝟎𝟎𝟏𝟐𝟓𝟒 ×

(𝑽𝒐𝒍𝒖𝒎𝒆 𝒔𝒉𝒓𝒊𝒏𝒌𝒂𝒈𝒆 (𝒇𝒊𝒃𝒓𝒆 𝒇𝒓𝒂𝒈𝒎𝒆𝒏𝒕))
𝟐

(R2=52.24%; p<0.001); h) Quadratic model describing cooking loss as 

a function of volume shrinkage of fibre fragments in cutaneous trunci: Cooking loss = 𝟑. 𝟒𝟏𝟓 + 𝟎. 𝟎𝟕 ×

𝑽𝒐𝒍𝒖𝒎𝒆 𝒔𝒉𝒓𝒊𝒏𝒌𝒂𝒈𝒆 (𝒇𝒊𝒃𝒓𝒆 𝒇𝒓𝒂𝒈𝒎𝒆𝒏𝒕) + 𝟎. 𝟎𝟎𝟒𝟑𝟑𝟑 ×

(𝑽𝒐𝒍𝒖𝒎𝒆 𝒔𝒉𝒓𝒊𝒏𝒌𝒂𝒈𝒆 (𝒇𝒊𝒃𝒓𝒆 𝒇𝒓𝒂𝒈𝒎𝒆𝒏𝒕))
𝟐

(R2=55.73%; p<0.001). 

      Masseter                                                                   Cutaneous trunci 
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Figure 8.11 demonstrates mathematical models for the relationships between protein 

denaturation enthalpy and, shrinkage of fibre fragments (Figure 8.11a-b), cooking loss (Figure 

8.11c-d) and WBSF (Figure 8.11e-f), as well as the relationship between shrinkage on a fibre level 

and the cooking loss (Figure 8.11g-h). Linear and quadratic models show that the cumulative 

enthalpy explains 71% of the variability of the volume shrinkage of the fibre fragments of 

masseter and cutaneous trunci, respectively. In addition, the enthalpy explains 58% and 59 % of 

the variability of the cooking loss in masseter and cutaneous trunci respectively. Finally, enthalpy 

explains 47% of the variability of WBSF in masseter but was not related to WBSF in cutaneous 

trunci. With the increase in enthalpy, there was an increase in shrinkage (fibre fragments) and 

cooking loss in both muscles, but a decrease in WBSF in masseter.  
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8.4. Discussion 

8.4.1. Comparison of characteristics of masseter and cutaneous trunci  

Our results on the pH of the muscles are similar to the findings of Meyer at al. (1992) who found 

the average pH of masseter and cutaneous trunci to be 6.3 and 5.5 respectively. The pH of 

cutaneous trunci is what we consider typical for post-mortem muscle, with the exception of one 

carcass that was close to the lower limit for dark- cutting beef of 5.7 (Watson et al., 2008). 

Masseter, on the other hand, has generally been reported to have a pH close to 6 or higher, and 

published values were closer to the minimum value found in our study, for instance 5.95 

(Egelansdal, 1991) and 6.15 (Egelandsdal et al., 1996). The difference in pH between masseter 

and cutaneous trunci is expected, since it is well known that oxidative muscles have a limited 

drop in pH post- mortem because of premature termination of glycolysis, due to lower glycogen 

stores (Bendall & Bourne, 1973) or other external factors (Chauhan et al., 2019).  

The greater sarcomere length of cutaneous trunci compared to masseter is probably related to 

its position in the carcass that is affected by muscle stretching. Ringkob et al. (2004) measured 

the sarcomere length after slaughter and homogenization in rigor buffer and found comparable 

values for cutaneous trunci (2.95 µm) to our measurements (2.76 µm), but their estimate for the 

sarcomere length of masseter (2.93 µm) was much greater than ours (1.87 µm).  

Masseter had a higher total and soluble collagen content than cutaneous trunci in freeze dried 

tissue, and on a cuboid level it amounts to 1.77 % total collagen in masseter compared to 1.54 

% total collagen in cutaneous trunci calculated based on 23.95 % and 25.38 % dry matter 

respectively (based on moisture results in Table 8.1). The difference in the amount of connective 

tissue on a cuboid basis differs to the study of Meyer at al. (1992) who found a similar amount 

of connective tissue in cutaneous trunci (1.57 %) but a lower amount in masseter (1.52 %) and 

concluded that the two muscles are similar in their connective tissue content. Listrat et al. (1999) 

also found that masseter and cutaneous trunci contained comparable amounts of 

hydroxyproline and collagen III in Charolais cattle. However, when calculated on a cuboid basis, 

the soluble collagen content was also slightly higher in masseter than in cutaneous trunci in our 

study (0.19 % vs 0.09 % respectively).  

The higher TWC of masseter then cutaneous trunci of 1.3 %, was similar to the difference 

reported by Meyer et al. (1992) of 1.1 %. Realini et al. (2013) also found that the TWC of porcine 

masseter (77 %) was 1-3 % higher than in other tested muscles (longissimus dorsi and 

semitendinosus). Similarly, Oillic et al. (2011) reported the ratio between water content and dry 

matter to be highest in masseter compared to other bovine muscles (semimembranosus, 



187 
 

semitendinosus, longissimus dorsi thoracis and infraspinatus). The higher TWC of masseter then 

in cutaneous trunci could be inherent muscle characteristics likely due to the higher ultimate pH, 

as high pH muscle is well-known to have higher water-holding capacity (Hamm & Deatherage, 

1960). Conversely, the lower pH of the cutaneous trunci is likely to result in higher drip loss post-

mortem since it is a glycolytic muscle. Namely, large IIB fibres in pork are known to lose more 

water within the first 24 hours than fibres of the other groups and sizes (Kim et al., 2013). 

Histologically, our finding of bovine masseter being composed of 100 % type I fibres corresponds 

with previous findings based on ATPase staining and electrophoresis (Chauhan et al., 2019; 

Meyer & Egelandsdal, 1992; Young & Davey, 1981). This confirms that masseter is a good model 

for examining the behaviour of type I fibres. Cutaneous trunci contained 93 % of type II fibres 

which corresponds closely to the histological estimates of Totland and Kryvi (1991) and 

Egelandsdal et al. (1995) who found 92 % and 90 % of fibres of cutaneous trunci to belong to 

type II, respectively. The greatest presence of type IIX fibres among the three fibre types in 

bovine cutaneous trunci agrees to previous studies in bovine and ovine cutaneous trunci 

(Chauhan et al., 2019; Totland & Kryvi, 1991).  

8.4.2. Changes in quality 

The low cooking loss of masseter at temperatures <60°C (Figure 8.5, Table 8.S. 1) is very 

interesting as it extends the theory that type I fibres retain water better than type II fibres post-

mortem during the cooking process. The low cooking loss at 50°C aligns with the result of Oillic 

at al. (2011) who found zero cooking loss when porcine masseter was cooked to 50°C. The 

maximum cooking loss found in our study (25 %) agrees with the maximum cooking loss found 

for buffalo cheek muscle (Vasudevan & Venkataramanujam, 2012), but it is lower than the result 

of Oillic et al. (2011) where even at 60°C a much greater cooking loss (37 %) was reported in 

porcine masseter compared to our study.  

Studies on the tenderness of masseter and cutaneous trunci are scarce, probably because of 

their lower commercial importance and because of the practicality of the measurement of 

tenderness due to the small muscle size, in the case of masseter. The high WBSF values of 

cutaneous trunci and masseter are not surprising, as they are known as tough muscles, with 

cutaneous trunci being traditionally subjected to enzyme treatment (Calkins et al., 2002) and 

masseter to slow cooking to improve tenderness (Sánchez del Pulgar et al., 2012). One study 

quantified the hardness of cutaneous trunci with Texture Profile Analysis (TPA) and found a 

slightly lower hardness (65.8 N) than the minimum values found in our study, although TPA 

values are not directly comparable to WBSF. While the results for masseter need to be 
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interpreted with some caution (due to some inconsistencies in the fibre direction), the 

statistically significant decrease in WBSF found at 65°C compared to 50°C in masseter and at 

70°C compared to 60°C in cutaneous trunci might be related to the solubilization of collagen 

(Hamm, 1966). It is known that WBSF measurements at temperatures ~60°C-65°C reflect the 

connective tissue contribution to tenderness (Bouton et al., 1975; Møller, 1981) and such 

occurrence is particularly pronounced in muscles rich in collagen (Vaskoska et al., 2020b, 

Chapter 5). The lower WBSF of masseter compared to cutaneous trunci at 80°C and 85°C (Figure 

8.6) could be hypothetically related to (i) the more intense overall denaturation in masseter at 

these temperatures (Figure 8.11); (ii) the slightly greater solubility of collagen specifically (Table 

8.1); (iii) fibre direction. Vice versa, the greater WBSF of cutaneous trunci compared to masseter 

might be explained by the evidence that myosin from type II fibres creates firmer gels compared 

to myosin from type I fibres (Boyer et al., 1996; Fretheim et al., 1986).  

8.4.3. Structural changes 

To our knowledge, shrinkage both on cuboid level and on a fibre level for masseter and 

cutaneous trunci has not previously been quantified. Offer and Trinick (1983) proposed that 

shrinkage is either actively driven by the myofibrils or passively by the endomysium. Our results 

show that fibres shrink actively (Figure 8.12) and this aligns with the findings of Offer et al. (1984) 

who showed that myofibrillar shrinkage was not affected by the endomysium. Additionally, the 

greater shrinkage of fibres in cutaneous trunci (mostly type II) than in masseter (type I) at 55°C 

and 60°C (Figure 8.7), relates to the hypothesis of Offer et al. (1984) and Astruc et al. (2010) that 

the variation in shrinkage of fibres on the same section from bovine muscles with cooking to 

40°C and 100°C respectively, is due to the variation between fibre types. The more extensive 

transverse shrinkage of fibres from cutaneous trunci (type II) then from masseter (type I) at 55°C 

and 60°C (Figure 8.7) is most likely associated with the contractile properties of the myosin 

isoform (Schiaffino & Reggiani, 2011), the more developed sarcoplasmic reticulum and 

transverse- tubule system and a thinner Z band of type II fibres compared to type I fibres (Choi 

et al., 2010). While we would expect the longitudinal shrinkage of the cuboids to start at 

temperature ≥65°C (Warner et al., 2017), we noticed an earlier onset of longitudinal shrinkage 

in this study for both muscles on a cuboid level (masseter and cutaneous trunci) (55°C).
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Figure 8. 12 Transverse sections of bovine a) masseter and b) cutaneous trunci, cooked as cuboid to 70°C. Images taken at 20 x magnification. Arrows point to endomysium enclosing 

the cells and its lesser shrinkage compared to the muscle cells. Scale bar at top left represents size of 200 µm. 
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Quantifying the shrinkage on a fibre level allows us to understand the contribution of the 

shrinkage of single fibres to the overall shrinkage process of the meat, when they are not 

constrained in the whole meat bundle (Figure 8.9). The greater transverse shrinkage of the fibre 

fragments of cutaneous trunci (type II fibres) than the fibre fragments from masseter (type I 

fibres) at 55°C-65°C (Figure 8.9a) can be explained by the same reasons as described above when 

they are cooked in a cuboid context. The greater longitudinal shrinkage of type II fibres from 

cutaneous trunci (Bouton et al., 1976) at 65°C-80°C (Figure 8.9b) can be explained by the longer 

sarcomere length (Table 8.1) as longer sarcomere length allows more longitudinal shrinkage 

(Bouton et al., 1976). It can also be related to the higher shortening velocity of myosin isoform 

II in a living muscle compared to the velocity of myosin in type I fibres (Schiaffino & Reggiani, 

1994; Smulders et al., 1990). The extent of the transverse shrinkage in fibre fragments of 

masseter and cutaneous trunci (Figure 8.9a) was greater than found in previous studies on fibre 

fragments from semitendinosus, biceps femoris and psoas major (Purslow et al., 2016; Vaskoska 

et al., 2020c Chapter 6). The longitudinal shrinkage (Figure 8.9b) is similar to previously reported 

values (Purslow et al., 2016; Vaskoska et al., 2020c Chapter 6). The volume shrinkage of the fibre 

fragments (Figure 8.9c) appears to be much higher (50%-60%) than previously reported values 

of around 30 % maximum shrinkage in bovine semitendinosus, biceps femoris and psoas major  

(Purslow et al., 2016; Vaskoska et al., 2020c Chapter 6) which might indicate that the extent of 

volume shrinkage is muscle dependent.  

8.4.4. Protein denaturation 

The DSC results of this study confirm our previous findings describing the differences in the 

denaturation of proteins in bovine masseter and cutaneous trunci in two carcasses (Vaskoska et 

al., 2020e Chapter 7), but here with ten carcasses. The three endothermic peaks of cutaneous 

trunci agree with the thermogram commonly reported for meat proteins (Stabursvik & Martens, 

1980), where the first peak is attributed to myosin, the second to collagen and sarcoplasmic 

proteins and the third to actin (Stabursvik & Martens, 1980; Vaskoska et al., 2020e Chapter 7; 

Xiong et al., 1987) (Figure 8.10a). The thermogram of masseter is quite different to cutaneous 

trunci at temperatures <70°C and the first big transition peak evident in the thermogram for 

masseter is attributed to myosin/endomysial/ perimysial collagen (together) and the second 

peak to actin (Egelansdal, 1991; Vaskoska et al., 2020e Chapter 7). It cannot be excluded that 

titin might have a moderate or large contribution to the third peak of the thermograms of both 

muscles, as Pospiech et al. (2002) reported a Tmax of titin of 78.5°C which is exactly the same 

Tmax we found for the third peak of cutaneous trunci and for the second peak of masseter. 
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Alternatively, titin denaturation might be reflected in the peak at >80°C which is noticeable in 

some carcasses (Section 8.3.4.).  

The first peak region in cutaneous trunci is composed of three separate denaturation events 

(Figure 8.10a). The major peak among them, as quantified in Table 8.2, is located at 54°C, but 

we also observed that the minimum and maximum values for this peak were at 48°C and 58°C 

(Table 8.2). Wright et al. (1977) also found three transitions in rabbit myosin at 42°C, 49°C and 

62°C, potentially related to the hinge, head and tail of the myosin molecule. We cannot exclude 

the fact that the last transition of the myosin domains, because of its location at >60°C, might 

overlap with collagen denaturation, and possibly is hidden by the collagen denaturation peak 

(Vega-Warner & Smith, 2001). Conversely denaturation of collagen in the endomysium may not 

overlap with the highest transition temperature of myosin as it is generally known to denature 

at 58°C (Brüggemann et al., 2010; McCormick, 1999). While we cannot definitely establish 

attribution of the smaller peaks to specific domains in myosin, we can in general conclude that 

myosin from masseter denatures at a higher temperature than myosin from cutaneous trunci.  

It appears that the transition temperatures of collagen and actin (Table 8.2), are not affected by 

muscle type (Table 8.2). One potential reason for the difference in myosin denaturation 

between the two muscles, but not in collagen or actin denaturation, could be the difference in 

pH (Section 8.3.1). Denaturation of myosin is sensitive to pH differences (Wright & Wilding, 

1984), while the denaturation of collagen and actin is independent of pH (Stabursvik & Martens, 

1980). However, these data were principally found when myosin was suspended in a solution 

with adjusted pH (Egelandsdal et al., 1994; Vega-Warner & Smith, 2001), rather than when 

muscles which differ in their native pH were tested that seemed to yield same thermograms 

irrelevant of pH (Stabursvik & Martens, 1980). There are also studies that have shown an 

increase of 2.6°C in Tmax of collagen extracted from bovine longissimus dorsi with an  increase 

in pH from 5.3 to 6.5 (Aktaş, 2003; Horgan et al., 1991); however we have only seen 0.5°C higher 

Tmax in masseter, which has 0.9 units higher pH than cutaneous trunci (6.3 vs 5.6 respectively; 

Table 8.2). The enthalpies of the individual peaks (Table 8.2) were smaller than previously 

reported by Findlay and Stanley (1984), but differences in muscle type, post-mortem time, 

heating rate, sample properties, sensitivity of measurement and equipment can all cause these 

differences (Wright & Wilding, 1984). While we can expect a higher enthalpy of myosin in 

masseter compared to cutaneous trunci due to the higher pH (Wright & Wilding, 1984), a direct 

comparison is not possible as we cannot quantify the contribution of myosin to the joint 

enthalpy of myosin, collagen and sarcoplasmic proteins in peak I in masseter. However, the sum 

of the enthalpies of peak I and II in cutaneous trunci (0.49 J/g) is three times smaller than the 
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enthalpy of peak I in masseter (1.51 J/g; Table 8.2) which could be explained by the pH effect on 

the enthalpy (Wright & Wilding, 1984). Alternatively, and more likely, the greater collagen 

content of masseter could also contribute to the greater enthalpy of peak I in masseter 

compared to the sum of peak I and II in cutaneous trunci. Data shown in Figure 8.10b 

demonstrates, again, the two main differences in the denaturation dynamics of proteins in 

masseter and cutaneous trunci. At temperatures <65°C, myosin denaturation (Figure 8.10a) 

leads to greater cumulative enthalpy in cutaneous trunci. At temperatures >70°C, the cumulative 

enthalpy of masseter becomes greater than in cutaneous trunci, because of the large enthalpy 

of peak I (see Figure 8.10a). Finally, the maximum cumulative enthalpies of the masseter and 

cutaneous trunci (3.15 J/g and 4.15 J/g respectively) were similar to previously reported total 

enthalpies by Findlay and Stanley (1984) for bovine sternomandibularis muscle (2.9 J/g to 4 J/g). 

However, they found an increase in enthalpy with an increase in sarcomere length while we 

found greater total enthalpy in masseter than in cutaneous trunci although it had shorter 

sarcomere length. 

8.4.5. Structural and quality changes of beef during cooking explained through the 

denaturation dynamics 

In this study, apart from identifying the differences in the thermal response of masseter and 

cutaneous trunci in quality, structural and protein conformational (denaturation) changes, a very 

important result is that protein denaturation dynamics of both muscles (Figure 8.10b) is closely 

related to the volume shrinkage dynamics of fibre fragments (Figure 8.9c) across temperatures 

and also to cooking loss (Figure 8.5), at lower cooking temperatures. This is discussed in the 

context of the individual denaturation peaks of the major proteins and in the context of the 

denaturation as a continuous process in the next sections 8.4.5.1 and 8.4.5.2 respectively.  

8.4.5.1. Contribution of the denaturation of major proteins to the shrinkage of fibre 

fragments of masseter and cutaneous trunci  

Videos 1 and 2 (https://tinyurl.com/yd94wd4l) combine the microscopy images during heating 

of fibre fragments of masseter and cutaneous trunci with the DSC thermogram of a sample from 

the same carcass. The transverse shrinkage matches with the peak associated with denaturation 

of myosin in cutaneous trunci (Video 2) and with the peak associated with myosin, collagen and 

sarcoplasmic proteins in masseter (Video 1). As the different onset and completion of transverse 

shrinkage of masseter and cutaneous trunci coincided with the same difference in the myosin 

peaks for both muscles, myosin denaturation appears to be the main driver for transverse 

shrinkage on a fibre level. The transverse shrinkage during cooking is expected to reduce the 

spacing between the thick and the thin filaments by the reduction in size of the denatured 

https://tinyurl.com/yd94wd4l
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myosin sub-fragments bringing it closer to the actin filaments (Purslow et al., 2016). 

Consequently, differences in the onset of transverse shrinkage between the muscles of different 

fibre type are a result of differences in the onset of denaturation of myosin. Our findings agree 

with Offer and Trinick (1984) and Purslow et al. (2016) who both postulated a role for myosin 

denaturation in the shrinkage of myofibrils. Denaturation of collagen is not relevant to the 

shrinkage of the fibre fragments, as the DSC observed peak related to connective tissue is 

normally associated with collagen from the perimysium (Videos 1 and 2). While it is possible that 

the shoulder peak in Video 2 is associated with denaturation of collagen in the endomysium, as 

it occurs at 58°C (Brüggemann et al., 2010) and might contribute to the observed shrinkage, 

there are two counter arguments. Firstly, a peak at 58°C could also be related to the rod part of 

the myosin (Section 8.4.4) and, secondly and more importantly, we observed that muscle fibres 

shrink actively without contribution from the endomysium, based on the transverse section 

images (Figure 8.12)(Section 8.4.3). 

Additionally, since longitudinal shrinkage corresponds to the peak associated with actin and/or 

titin in both muscles (Videos 1 and 2), we can attribute the longitudinal shrinkage to actin and/or 

titin denaturation. This partially aligns with the hypothesis of Purslow at al. (2016) who 

postulated that longitudinal shrinkage is associated with actin denaturation, based on the onset 

of the shrinkage in fibre fragments from bovine semitendinosus. However, in contrast to our 

study, they did not find a role for titin in longitudinal shrinkage, which we have assumed, due 

the peak overlap for titin with the study of Pospiech et al. (2002). 

8.4.5.2. Contribution of the denaturation of proteins in meat as continuous process to the 

shrinkage, cooking loss and WBSF of masseter and cutaneous trunci  

Previous research has associated the changes in quality during cooking of meat to the 

denaturation of individual meat proteins, mostly by associating the transition temperature of a 

major protein to a physical change (Martens et al., 1982). Few studies have calculated the total 

enthalpy generated during the heating of meat (Deng et al., 2002; Findlay & Stanley, 1984; 

Parsons & Patterson, 1986; Vilgis, 2015; Zielbauer et al., 2015), while only some of them have 

related it to the meat quality (Deng et al., 2002). Zielbauer et al.(2015) have also presented the 

enthalpy increase with holding time during cooking of psoas major as a continuous process. In 

our study, we have calculated the enthalpy increase as a continuous process during cooking to 

85°C (Figure 8.10b) and found interesting relationships between quality and structural changes 

(Figure 8.11). Using this approach, we were able to closely relate the protein denaturation of 

major proteins appearing on the DSC thermogram with the volume shrinkage of fibre fragments, 

with an R2 value of 71 % for both masseter and cutaneous trunci (Figure 8.11a-b). Some of the 



194 
 

unexplained variation could stem from the denaturation enthalpy of collagen in the perimysium 

which is not relevant to the shrinkage of the fibre fragments, as they should only contain 

endomysium and not perimysium (Purslow et al., 2016). One of the interesting findings of this 

study is that the shape of the model for both muscles differs, and we can clearly observe that at 

smaller enthalpies (<2 J/g), cutaneous trunci tends to undergo a greater shrinkage (quadratic 

model) than masseter (Figure 8.11b).  

We have also addressed the intriguing question why cooking loss increases linearly when 

denaturation of major proteins has always been described as three separate events (peaks). 

While we found a positive relationship between protein denaturation and cooking loss, Deng et 

al. (2002) found a negative association between the total denaturation enthalpy and drip loss of 

porcine longissimus thoracis. The model we employed showed that with the same enthalpy, 

cooking loss in cutaneous trunci increases at a higher rate than in masseter (coefficients 4.2 vs 

3.7 respectively; Figure 8.12c-d). The linear trend of our models for predicting cooking loss from 

protein denaturation (Figure 8.11c-d), does not distinguish between the lower and higher 

enthalpies associated with myosin and actin denaturation respectively. This is different to a 

study which combined DSC with Nuclear Magnetic Resonance (NMR) measurements of the 

water state in cooked beef and demonstrated that water state changes early with the onset of 

myosin denaturation, however they found a greater role of actin denaturation in the release of 

water from the structure (Bertram et al., 2006). 

Interestingly, the decreased WBSF with the increase in enthalpy in masseter can potentially be 

related to the more intense denaturation of collagen, which is  visible in the enthalpy of peak I 

for this muscle (Table 8.2) and the higher presence of collagen in this muscle compared to 

cutaneous trunci (Table 8.1). We do not attribute the increase in tenderness of masseter at 

higher enthalpies to denaturation of actin, as denaturation of actin is normally associated with 

hardening of meat (Ishiwatari et al., 2013; Martens et al., 1982). Other potential tenderization 

mechanisms reasons were discussed in Section 8.3.2. 

Finally, we have used a quadratic model to describe the increase in cooking loss of beef with the 

increased volume shrinkage of the fibres (Figures 8.12e-f), and we can observe that at higher 

volume shrinkage, associated with higher cooking temperatures, there was a greater cooking 

loss than what we should expect if they were related linearly with the volume shrinkage. This is 

related to the observation that while fibre shrinkage reached a plateau at the higher cooking 

temperatures (70°C, 75°C in Figure 8.9c), cooking loss continued with the movement of water 

from within the cells to the extracellular spaces, and from the extracellular spaces to outside of 

the meat. On the other hand, the discrepancy between the maximum shrinkage found in fibres 
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(~70 %) and the maximum cooking loss (~30 %) is related to the fact that with the increase in 

temperature, the fibres shrunk but the endomysium did not shrink to the same extent (as visible 

in the sections in Figure 8.12). We postulate that the water expelled from the muscle cell moved 

from the intracellular space to the extracellular space but only partially left the tissue as cooking 

loss. As some of the expelled water will fill the gaps formed between the cell and the enclosing 

endomysium (Tornberg, 2005). However, other authors have found similar shrinkage and 

cooking loss extent in bovine semitendinosus (Purslow et al., 2016), or even greater cooking loss 

than the shrinkage seen in single fibres of psoas major (Bendall & Restall, 1983) and the 

differences to our study might be due to muscle related characteristics or differences in ionic 

strength of the buffers. 

8.5. Conclusions 

Masseter and cutaneous trunci were shown to have different quality, chemical and histological 

characteristics. Masseter had a higher pH, total and soluble collagen content and TWC, and 

smaller sarcomere length, than cutaneous trunci. The fibre type composition was confirmed to 

be pure type I and predominately type II for masseter and cutaneous trunci, respectively. 

Cutaneous trunci exhibited higher cooking loss at temperatures <80°C, higher WBSF at ≥80°C, 

higher transverse and volume shrinkage (fibre fragments) at 55°C-65°C and higher longitudinal 

shrinkage (fibre fragments) at 60°-80°C compared to masseter. Denaturation of myosin occurred 

at 54°C in cutaneous trunci, at 63°C in masseter together with collagen and sarcoplasmic 

proteins, and the lower transition temperature of myosin is hypothesized to be the reason for 

the greater cooking loss, transverse and volume shrinkage in cutaneous trunci than in masseter 

at ≤65°C. The higher longitudinal shrinkage of the fibre fragments of cutaneous trunci was 

attributed to its longer sarcomeres.  

Transverse and longitudinal shrinkage of muscle fibres were attributed to myosin denaturation 

and actin and/or titin denaturation, respectively. Protein denaturation explained most of the 

variability (71%) in shrinkage between the muscles. Variability in cooking loss was also explained 

by the protein denaturation dynamics, but to a smaller extent (57%) likely due to some residual 

water in the extracellular space after cooking. Finally, WBSF could be explained by protein 

denaturation only in masseter, not in cutaneous trunci. 
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8.7. Appendix 

Figure 8.S. 1. Example of calculation of cumulative denaturation enthalpy. a) masseter; b) cutaneous trunci. 

a)  

b)  
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CHAPTER 9 

In Chapters 7 and 8 clear differences were identified between masseter and cutaneous trunci in 

their cooking loss, shrinkage and protein denaturation. This chapters aims to clarify whether the 

myosin isoform or their different pHs are responsible for the differences in protein denaturation 

and shrinkage on a fibre fragment level.  

Chapter 9 is not yet submitted for publication at the time of thesis submission, and therefore is 

included as manuscript in progress. 
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Abstract 

This aim of this study was to investigate the effect of fibre type, pH and cooking temperatures 

on the thermal denaturation of proteins and muscle fibre shrinkage in beef. Masseter and 

cutaneous trunci muscle were chosen to represent fibre types I and II, respectively; pH levels 

were chosen based on the ultimate pHs of masseter and cutaneous trunci muscles being 6.5 and 

5.6, respectively; and 55°C, 60° and 65°C were chosen as temperatures of interest. Protein 

denaturation was analysed by FTIR microspectroscopy on heated cryosections, while shrinkage 

was quantified on fibre fragments isolated by homogenization. At 55°C, cutaneous trunci 

showed greater denaturation, aggregation and shrinkage than masseter, irrespective of pH. At 

60°C and 65°C, pH 6.5 led to greater decrease in native structures in the muscle fibres compared 

to pH 5.6, while the reverse trend was observed in the intramuscular connective tissue (IMCT). 

At 65°C, more protein aggregation occurred when masseter and cutaneous trunci muscles where 

incubated at their ultimate pHs, both in the muscle fibres and the IMCT. Thus, thermal 

denaturation and shrinkage are fibre type-, pH- and temperature-dependent. Myosin isoform 

explains the differences in thermal denaturation and shrinkage between masseter and 

cutaneous trunci at 55°C, while pH explains the differences with heating at 60°C and 65°C. 

Keywords: FTIR, microspectroscopy, beef, fibre type, pH, cooking, heating 
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9.1. Introduction  

Cooking of meat leads to protein denaturation which affects eating quality. Meat originates from 

muscles that are composed of muscle fibres belonging to different fibre types which are 

categorised by their myosin isoforms. There is experimental evidence that myosin from muscles 

of different fibre types denatures and aggregates in a dissimilar manner, with myosin from white 

fibres (Type II) being more sensitive to heat than myosin from red (type I) fibres (Boyer et al., 

1996; Egelandsdal et al., 1994; Liu et al., 1996). Recently, we investigated the differences in 

protein denaturation during heating of masseter, a muscle composed purely of type I fibres, and 

cutaneous trunci, muscle composed predominately (93 %) of type II fibres. We found that in the 

temperature region between 50°C and 60°C, cutaneous trunci showed changes in the protein 

secondary structure, while muscle fibre and intramuscular connective tissue (IMCT) proteins in 

masseter were unresponsive to this temperature increase (Vaskoska et al., 2020e Chapter 7). 

Previous studies have tested the denaturation and aggregation behaviour of red and white 

bovine muscles proteins in different pH conditions (Stabursvik & Martens, 1980; Vega-Warner 

& Smith, 2001) and some concluded that the denaturation and aggregation behaviour of 

proteins is more dependent on the pH than on the myosin isoform (Vega-Warner & Smith, 2001). 

Therefore, considering that the pH of masseter is higher than the pH of cutaneous trunci 

(Vaskoska et al., 2020f Chapter 8), it is of interest to understand if pH, myosin isoform or both 

are drivers of the differences in the thermal responsiveness of proteins between the two 

muscles.  

Fourier Transform Infrared (FTIR) microspectroscopy studies have proven to be very useful for 

determining the changes in the secondary structures of meat proteins with heating, with the 

possibility to distinguish the response of proteins from the muscle fibres (cells) and the IMCT ( 

Astruc et al., 2012; Kirschner et al., 2004).  Astruc at al. (2012) collected FTIR spectra from muscle 

fibre and IMCT areas on cryosections of meat that were incubated to a range of temperatures 

with a fixed pH of 5.6, while at the same time being characterized for their fibre type on a serial 

adjacent section. There were no consistent significant differences between pure fibre types, but 

proteins in hybrid fibre type were found to be more heat resistant (T. Astruc, et al., 2012). Böcker 

et al. (2006) also did not find differences between the IR absorbance of white and red portions 

of the porcine semitendinosus muscles with variable pHs. The IMCT showed less changes in the 

secondary structure of proteins than muscle fibres with heating (Astruc, et al., 2012; Kirschner 

et al., 2004). Another study by Motoyama et al. (2018) collected the IR spectra of muscle fibres 

on sections cut from meat that was cooked at 85°C for 10 minutes and subsequently exposed to 

acid treatments mimicking gastric pH changes during digestion. Their analysis showed that the 
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heating and acid effects on the secondary structure of proteins in muscle fibres could be 

differentiated.  

Loss of water during cooking has been related to the thermal denaturation of proteins in pork 

(Bertram et al., 2006). Additionally, we have shown in our research that shrinkage on the level 

of the muscle fibres is related to the denaturation of major meat proteins such as myosin, 

collagen, actin and/or titin (Vaskoska et al., 2020f Chapter 8). We have also identified that 

muscle fibre fragments of cutaneous trunci start shrinking at lower heating temperature than 

fibre fragments of masseter, and this pattern corresponded with the observed protein 

denaturation having an earlier onset in cutaneous trunci (Vaskoska et al., 2020f Chapter 8; 

Vaskoska et al., 2020e Chapter 7). Offer et al. (1984) have hypothesized that the reason behind 

the different extent of transverse shrinkage of muscle fibres observed on cryosections at 45°C is 

the fibre type. Astruc et al.(2010) also observed heterogeneity in the response of neighbouring 

cells to heating (at 100°C) and hypothetically related it the differences in fibre type. Therefore, 

a question arises whether the difference in the shrinkage between masseter and cutaneous 

trunci is due to the different myosin isoform they contain or the pH difference between the 

muscles.   

To our knowledge, there have been no other studies on the interactive effect of fibre type, pH 

and temperature on the denaturation of meat proteins in the muscle fibres and in the IMCT, nor 

on the shrinkage of muscle fibres. Therefore, such study is deemed necessary. We hypothesized 

that both fibre type and pH affect the thermal denaturation of meat proteins. In addition, we 

expected secondary structure of proteins in the muscle fibre and the IMCT, and consequently 

their shrinkage, to be affected by pH as the pH can change the transition temperature of myosin 

and collagen (Aktaş, 2003; Horgan et al., 1991; Stabursvik & Martens, 1980; Voutila et al., 2008).  

9.2. Materials and methods 

Masseter and cutaneous trunci muscles were taken from four Angus breed bovine carcasses at 

1 day post mortem. One sample of both muscles was collected from one carcass for the FTIR 

measurements, and from four carcasses for the microscopic shrinkage experiment. The pH of 

the muscles was measured with a pH meter TPS WP 80 (TPS Pty Ltd, Brisbane, Victoria Australia) 

with IJ 44 electrode (Ionode Pty Ltd., Brisbane, Victoria Australia) and a temperature 

compensation probe inserted in the muscle, in at least two locations. Masseter and cutaneous 

trunci had an average ultimate pH of 6.35 ± 0.173 SD (standard deviation) and 5.56 ± 0.127 SD, 

respectively, across the four carcasses (6.40± 0.114 SD and 5.47 ± 0.071 SD, respectively, for the 

carcass used for FTIR). Considering that the two muscles have a very distinct difference in pH, 
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two different pH’s (5.6 and 6.5) were chosen for manipulation and investigation; 5.6 being the 

average of cutaneous trunci and typical pHu in commercial beef muscles and 6.5 being the upper 

extreme value measured for the masseter. In relation to temperature, cooking temperatures up 

to 65°C were chosen since previous results (Vaskoska, et al., 2020f Chapter 8) have shown that 

most of the differences in the shrinkage and cooking loss between the muscles were evident at 

these temperatures.  

9.2.1 Fourier Transform Infrared (FTIR) microspectroscopy 

9.2.1.1. Samples preparation 

The experimental set up is illustrated in Figure 9.1. Raw meat cubes (volume approximately 1 

cm3) were cut from each muscle, fixed on a cork square plate (2 mm x 2mm) with a thin layer of 

Optimal Cutting Temperature (OCT) compound on the sample-cork interface, frozen with double 

isopentane- liquid nitrogen (-160 °C) and stored at -80°C. One day before the experiment, 6 µm 

serial sections were cut from the frozen blocks with a cryostat at -18°C (model 1860, Leica, 

Wetzlar, Germany), placed on a BaF2 windows (Crystran, Poole, UK) and stored overnight with 

copper sulfate in a wrapped box to limit oxidation. One control section per muscle was kept 

without further treatment as non-incubated ‘ultimate pH’control (hereafter called 25N) for each 

muscle. The method used for temperature treatment of muscle cryosections for FTIR 

preparation was modified from Astruc at al. (2012). Two beakers were filled with mannitol buffer 

(380 mM mannitol and 5mM potassium acetate)(Purslow et al., 2016) with pH adjusted to 5.6 

and 6.5 with glacial acetic acid. Initially, the two beakers were immersed in a water bath (WB4, 

Thermoline, Wetherill Park, NSW, Australia) with water equilibrated at 25°C (hereafter called 

25, incubated at alternate pH) (Figure 9.1). A set of two windows with the overlayed sections of 

both muscles were placed in each beaker (Figure 9.1). The windows were immersed for 3 

minutes and then washed for 1 min in Milli-Q water. Another set of beakers was filled with the 

two pH adjusted buffers (5.6 and 6.5) and the buffers were then heated to 55°C. When the 

temperature was stable, new set of two windows with sections from each muscle were placed 

in each beaker and heated for 3 minutes, followed by washing in Milli-Q water (Figure 9.1). 

Subsequently, heating to 60°C and 65°C and incubation of the samples was done in the same 

way (Figure 9.1). All treated windows were left to dry at room temperature for two hours, stored 

in a box with copper sulfate overnight and observed with microspectroscopy the next day. Serial 

sections from each muscle were used to ensure homogeneity of the samples, and the spectra 

was collected from the same fibres on each section to allow comparisons between 

temperatures. Identification was conducted with micro view on the FTIR microscope objective 

before switching to the IR objective.  
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Figure 9. 1 Illustration of the pH and temperature treatment of cryosections of bovine masseter and cutaneous trunci as preparation for Fourier Transform Infrared (FTIR) spectra 

collection. Blocks of meat (1 cm3) from masseter and cutaneous trunci were cryo-sectioned to 6 µm thickness. Two beakers were filled with buffers with pH 5.6 and 6.5, placed 

simultaneously in a water bath and the water was heated to 25°C (control), 55°C, 60°C or 65°C. A set of cryosections of masseter and cutaneous trunci were placed in each buffer and 

heated for 3 minutes, followed by rinsing in ultra-pure water for 1 minute. Spectra was collected by FTIR microspectroscopy from muscle fibres and IMCT from both muscles.
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9.2.1.2. FTIR microspectroscopy 

FTIR spectra were collected with a Nicolet™ Continuμm™ Infrared Microscope (Thermo Fischer 

Scientific, Waltham, Massachusetts USA) equipped with a mercury cadmium telluride detector 

and a 32x magnification IR objective. Five muscle fibres per section and 5 positions in areas rich 

with IMCT-perimysium were used for IR absorbance measurement (Figure 9.1). For non- 

incubated control (25N), 3 spectra collections from the respective parts were conducted. The 

method was modified from Astruc at al. (2012). Validation of the wavelength was conducted 

with using IR Bandpass Filter with a central wavelength of 8.5 µm (FB8500-500, Thorlabs, 

Newton, New Jersey, USA). Background spectrum from the BaF2 windows was collected from an 

area free of sample. Apertures of 30 µm and 10 µm were set up for muscle fibres and IMCT, 

respectively. Spectra were collected between 4000 and 650 cm-1, with 64 scans per position 

(fibre/IMCT), and 4 cm-1 resolution.  

9.2.2. Quantifying shrinkage of fibre fragments heated on a microscope stage 

Figure 9.2 illustrates the experimental procedure for measuring shrinkage of fibre fragments 

from masseter and cutaneous trunci. One gram of sample was collected from each muscle type 

from the four carcasses, and stored overnight at 4°C. The following day, each sample (eight 

samples in total: four carcasses x two muscle types) was homogenized in each of the two 

mannitol buffers (pH 5.6 and 6.5), prepared as described above in section 9.2.1. Homogenization 

was conducted with 11000 rpm speed as described by Purslow et al. (2016) using a homogenizer 

with a 10mm probe (Ultra Turrax T25, IKA, Shaufen, Germany). Each sample was homogenized 

with three bursts of 10 seconds each and 10 second breaks between bursts, while keeping the 

samples on ice (Figure 9.2). Droplets (3.5 µl) of the homogenized samples were placed in the 

middle of a cavity slide and sealed with a cover slip fixed with a nail polish (Figure 9.2). A view 

was chosen that has 1-3 fibre fragments in the field of vision. Heating was conducted with an 

equilibration at 25°C, followed by heating at 5°C/minute to 65°C. Images were taken at 25°C, 

55°, 60° and 65°C at 40x magnification.  
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Figure 9. 2 Illustration of the homogenization procedure for obtaining fibre fragments and heating procedure for the fibre fragments from masseter and cutaneous trunci. 1 g of meat 

from each muscle is homogenized in buffer with pH adjusted to 5.6 or 6.5. A drop of the homogenate is placed on a cavity slide, placed on a heating stage and 2-3 fibre fragments 

are observed by light microscopy.  



211 
 

9.2.3. Data analysis 

The FTIR spectra were analysed with Unscrambler X 10.3 (Camo Analytics, Oslo, Norway). 

Extended Multiplicative Scatter Correction (EMSC) of the data was conducted to eliminate 

scattering effects. Second derivatives of the data were obtained by the Savitzky-Golay procedure 

(Savitzky & Golay, 1964) with 9 smoothing points and polynomial older 3. The Principal 

component Analysis (PCA) used a Nonlinear Iterative Partial Least Squares (NIPALS) algorithm 

with weighting of 1.0 and it was conducted using the second derivatives data. Statistical analysis 

of the absorbance at the relevant wavenumbers identified on the loading plots was conducted 

with unbalanced ANOVA in Genstat (Version 18, VSN International, Hemel Hempstead, UK) with 

muscle, pH and temperature as fixed factors. Additionally, the change in absorbance with 

heating was also calculated relative to raw state. That was done through two steps: 1) 

Calculation of the percentage change at each heating temperature relative to raw (25°C) for 

each of the five samples; and 2) Statistical analysis of the calculated change in absorbance with 

muscle type, pH and temperature as fixed factors with Restricted Maximum Likelihood 

procedure in Genstat (Version 18, VSN International, Hemel Hempstead, UK). The percentage 

change in step 1 was calculated as: IR absorbanceheated/IRcontrol*100 for each fiber or IMCT sample 

collection area. A ratio between absorbance at 1628 cm-1 and 1655 cm-1 was also calculated 

between the predicted means as another approach to illustrate the thermal effect, as this has 

been recommended in the literature (Fabian & Mäntele, 2006; Motoyama, et al., 2018).  

The microscopy images for the shrinkage of the fibre fragments were analysed in Image J 

(Rasband, 1997-2020). For each fibre, the diameter and length were measured at the middle of 

the fibre in each direction, as modified from Purslow et al. (2016). The volume of the fibre was 

calculated assuming a cylindrical shape of the fibre using the formula: 

Volume=π*(diameter/2)2*length. The shrinkage (longitudinal, transverse and volume) was 

calculated as the dimensions of the fibres (length, diameter and volume) at the respective 

heating temperature relative to the dimensions of the control fragment (25°C). These methods 

are previously described in Vaskoska et al. (2020c Chapter 6). Statistical analysis was conducted 

in Genstat (Version 18, VSN International Ltd., Hemel Hempstead, UK) using REML with muscle 

type, pH and temperature as main factors and carcass and slide as random factors.  
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9.3. Results 

9.3.1. Thermal denaturation 

9.3.1.1. Muscle fibre proteins 

The PCA analysis of the IR absorbance collected from muscle fibres in the Amide I region (Figure 

9.3a), showed that the PC1 component, accounting for 96 % of the variance of the data 

separated the data based on the temperature treatment. Based on the loading plot (Figure 

9.3b), the PC1 component is attributed to the wavenumbers assigned to α-helix (1655 cm-1), 

aggregated β-strand (1628 cm-1) and native β-sheet structures (1685 cm-1) (Table 9.1). Following 

the direction of the loadings (Figure 9.3b), the increase in temperature led to a decrease in α- 

helix structures and an increase in aggregated β-strand and β-sheet structures (positive values 

on the PC loading indicates lower amounts as the analysis was done on the second derivatives, 

i.e. opposite to the absorbance). Within some temperature clusters, both muscle types within 

the same pH (25°C, pH 5.6; 55°C, pH 5.6 and 6.5; and 60°C, pH 6.5) and pHs within the same 

muscle types (25°C, cutaneous trunci and masseter; 55°C, cutaneous trunci; 60°C, masseter and 

cutaneous trunci; and 65°C, masseter) were also separated, but there were no consistent trends 

(Figure 9.3a). The PC2 component which accounted for 3 % of the variance of the IR absorbance 

of the muscle fibres, is related to changes in the absorbance at 1639 cm-1, 1616 cm-1 and 1662 

cm-1 (Figures 9.3a, b), which correspond to random coil structures, aggregated strands and β- 

turns (Table 9.1), respectively. The PC2 component separated the IR absorbance data from the 

muscle fibres based on the muscle type within the same pH (25°C, pH 5.6 and 6.5; 55, pH 5.6; 

60, pH 5.6; 65°C, pH 5.6) or based on pH within the same muscle type (25°C, cutaneous trunci; 

55°C, masseter; 60°C, masseter; 65°C, cutaneous trunci). At 55°C, the PC1 and PC2 components 

clearly formed four groups based on the muscles type (cutaneous trunci and masseter) and pH 

(5.6 and 6.5). PC1 (accounting for 90% of the variance) separated the muscle types and PC2 

(accounting for 8% of the variance) separated the two different pHs (Figure 9.3c). The PC1 

component of the PCA analysis focusing on the 55°C temperature treatment of muscle fibres 

(Figure 9.3c), is associated with a peak in the positive direction at 1655 cm-1 and with a peak at 

1628 cm-1 in the negative direction based on the second derivatives, indicating that cutaneous 

trunci had a higher amount of aggregated β-strands and a lower amount of α-helix at 55°C than 

masseter (Figures 9.3c, d). In relation to pH, the PC2 component is associated with a peak in the 

positive direction at 1643 cm-1, indicating a higher presence of random coil (Table 9.1) at pH 6.5 

in comparison to pH 5.6 (Figures 9.3c, d). The wavenumbers and the corresponding secondary 
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structures (α-helix, β-sheet, turns, aggregated strands and random coil) identified on the loading 

plot (Figure 9.3b) of the whole dataset were selected for further statistical analysis. 

 

Figure 9. 3 Principal component analysis (PCA) and loading plots for the effect of temperature and pH on the 

denaturation of muscle fibre proteins in masseter and cutaneous trunci. a) PCA of the second derivatives of the 

infrared (IR) absorbance in the Amide I region (1600-1700 cm-1) of muscle fibres from transverse sections of 

masseter and cutaneous trunci muscles in control conditions (25°C) or heated to 55°C, 60°C and 65°C in pH 5.6 or 

6.5 buffers; b) Loading plot of the PC1 and PC2 components of the PCA analysis in a); c) PCA analysis of the second 

derivatives of the IR absorbance in the Amide I region (1600-1700 cm-1) of muscle fibres from transverse sections 

of masseter and cutaneous trunci muscles cooked to 55°C in pH 5.6 or 6.5 buffers. d) Loading plot of the PC1 and 

PC2 components of the PCA analysis in c). M- masseter, C- cutaneous trunci. 
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Table 9. 1 Assignation of Infrared (IR) wavenumbers to protein secondary structures.  

Wavenumber (cm-1) Structural moiety Reference 

1605 Aromatic side chains Carton et al., (2009) 

1616, 1619, 1620, 
1628 

Aggregated β- 
strands 

Bertram et al., (2006); Fabian and Mäntele 
(2006); Jackson and Mantsch (1995) 

1639, 1642 Random coil Li et al., (2018) 

1643, 1647 Unordered 
structures 

Jackson & Mantsch (1995) 

1655, 1658 α-helix Fabian & Mäntele (2006); Jackson and Mantsch 
(1995); Movasaghi et al., (2008) 

1662, 1665, 1678 β-turns/loops Barth (2007); Bertram et al. (2006); Fabian and 
Mäntele (2006) 

1685, 1688 β-sheet Barth (2007); Bertram et al. (2006) 

The statistical analysis of the absorbance and the change in absorbance of the muscle fibres at 

the selected wavenumbers in the Amide I region showed that there was a significant three-way 

interaction of muscle type, pH and temperature for all investigated wavenumbers (p<0.01 for 

all wavenumbers for the absorbance analysis, p<0.05 for all wavenumbers for the change in 

absorbance analysis; for full statistical overview see Table 9.2) (Figure 9.4). Observing the 

absolute values of the absorbances in Figure 9.4a-g allows comparisons between non- incubated 

and incubated samples in raw condition (25N and 25°C) and to have an idea about the presence 

of the secondary structures of proteins before heating. Analysis of the change in absorbance 

allows us to make observations of the thermal sensitivity of the proteins in relation to the pH 

during heating (Figure 9.4h-m). When comparing the incubated and non-incubated raw samples 

(25°C and 25N), it can be seen that the incubation resulted in small (but statistically significant) 

differences in IR absorbances (Figure 9.4a-g), suggesting subtle changes in secondary structure 

of proteins in a non-native environment (mannitol buffer). A larger decrease in IR absorbance 

due to incubation is noticeable in the cases of the aggregated strands (1628 cm-1 and 1616 cm-1 

bands) in cutaneous trunci (Figure 9.4e, d). For the incubated unheated condition (25°C), 

masseter had lower absorbances at pH 5.6 than at pH 6.5 for α-helix (Figure 9.4a), β-sheet 

(Figure 9.4b) and β-turns (Figure 9.4c), while cutaneous trunci has lower absorbances at pH 6.5 

than at pH 5.6 for these secondary structures. These indicate that the secondary structure of 

proteins of the muscle fibre in each muscle type was dependent on its ultimate pH (6.5 for 

masseter and 5.6 for cutaneous trunci), and deviation from their respective ultimate pH resulted 

in increased denaturation in raw condition (25°C). Interestingly, for structures such as random 

coil and aggregated β-strands (Figures 9.4d-f), a different pH driven trend emerged in raw 

condition (25°C), where both muscles at 5.6 had lower amount of these structures than at 6.5 in 

the muscle fibres; as well as consistently greater amount of these structures were found in 

masseter than in cutaneous trunci (Figure 9.4).  
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Table 9. 2 Overview of statistical significance of fixed factors, two-way and three-way interactions for all statistical 

analysis of the data in Figures 9.4 and 9.6. 

Secondary 
structure 

Muscle 
type 

pH Temperature Muscle 
type x 
pH 

Muscle type 
x 
temperature 

pH x 
temper
ature 

Muscle type x 
pH x 
temperature 

Fibre 

α-helix <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.01 

β-sheet <0.05 >0.05 <0.001 <0.001 <0.001 <0.001 <0.001 

β-turns <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Aggregated β-
strands (1616 cm-

1) 

<0.01 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Aggregated β-
strands (1628 cm-

1) 

<0.01 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Random coil <0.001 <0.001 <0.001 <0.001 <0.01 <0.001 <0.01 

Change in α-helix <0.01 >0.05 <0.001 >0.05 <0.001 <0.001 >0.05 

Change in β-sheet <0.001 >0.05 >0.05 <0.001 <0.001 <0.001 <0.001 

Change in β-turns <0.001 >0.05 <0.001 <0.001 <0.001 <0.001 <0.001 

Change in 
aggregated β-
strands (1616 cm-

1) 

<0.001 <0.01 <0.001 <0.001 <0.05 <0.01 <0.01 

Change in 
aggregated β-
strands (1628 cm-

1) 

<0.001 <0.05 <0.001 <0.001 <0.05 <0.001 <0.01 

Change in random 
coil 

>0.05 <0.001 >0.05 <0.001 >0.05 <0.001 <0.05 

Connective tissue 

α-helix <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.05 

β-sheet <0.001 <0.001 <0.001 <0.01 >0.01 >0.05 <0.001 

β-turns <0.001 <0.001 <0.001 <0.01 <0.05 <0.01 <0.001 

Aggregated β-
strands  

>0.05 <0.001 <0.001 <0.001 <0.001 <0.05 <0.001 

Aromatic side 
chains 

>0.05 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Unordered 
structures 

<0.001 <0.001 <0.001 >0.05 <0.001 <0.01 <0.01 

Change in α-helix <0.001 <0.01 <0.001 >0.05 <0.01 <0.01 <0.05 

Change in β-sheet >0.05 >0.05 <0.001 >0.05 >0.05 >0.05 0.001 

Change in β-turns >0.05 >0.05 <0.001 >0.05 >0.05 <0.05 <0.01 

Change in 
aggregated β-
strands  

<0.001 <0.001 <0.001 <0.001 <0.001 >0.05 <0.01 

Change in 
aromatic side 
chains 

<0.001 >0.05 <0.001 <0.001 <0.001 <0.001 <0.001 

Change in 
unordered 
structures 

<0.001 <0.001 <0.001 0.001 <0.001 <0.05 <0.01 
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Figure 9. 4 Predicted means of the Fourier Transform Infrared (FTIR) absorbance and change in the absorbance with 

heating at selected wavenumbers, corresponding to secondary structures of proteins, collected from muscle fibres 

in transverse sections of masseter and cutaneous trunci bovine muscles treated in mannitol buffer at 25°C (control), 

55°C, 60°C and 65°C with pH of either 5.6 or 6.5. a) α-helix; b) β-sheet; c) β-turns; d) Aggregated β-strands (1616 

cm-1); e) Aggregated β-strands (1628 cm-1); f) Random coil; g) Ratio of predicted means for aggregated strands (1628 

cm-1) and α-helices; h) Change in α-helix; i) Change in β-sheet; j) Change in β-turns; k) Change in aggregated β-

strands (1616 cm-1); l) Change in aggregated β-strands (1628 cm-1); m) Change in random coil. M- masseter, C- 

cutaneous trunci. 25N- non-incubated control, which is at ultimate pH: 5.6 for cutaneous trunci, and 6.5 for 

masseter. Error bars represent the standard errors of difference (SEDs) of the three-way interaction muscle x pH x 

temperature, p<0.01 for all analysed data. Significance of fixed factors, and two-way interactions are given in Table 

9.2. 
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With the increase of temperature, the native structures α-helix (Figure 9.4h), β-sheet (Figure 

9.4i) and β-turns (Figure 9.4j) in muscle fibres decreased, while aggregated β-sheet (1628 cm-1 

and 1616 cm-1) increased (Figure 9.4k, l). The increase in random coil was minor, except for 

cutaneous trunci at pH 5.6 (Figure 9.4m). The greatest change in absorbance with heating in the 

muscle fibres occurred in the aggregated β-strands at 1616 cm-1 with up to 31 % increase, 

followed by aggregated β-strands at 1628cm-1, α-helices and β-turns with ~23 %, 14 % and 14 % 

change, respectively. The change in random coil and β-sheet structures in muscle fibres was 

small, and it was maximum of 5 % and 9 % respectively. At 55°C, cutaneous trunci had a greater 

decrease in native α-helix, β-turns and β-sheets structures (Figure 9.4h, I and j, respectively), 

and greater formation of aggregated β-sheet (1628 cm-1 and 1616 cm-1) and random coil 

structures in comparison to masseter (except when compared to masseter at 6.5) (Figure 9.4k, 

l, m, respectively). At 60°C, masseter at pH 6.5 was the most resistant to a decrease in native 

structures α-helix, β-sheet and β-turns compared to masseter at pH 5.6 and cutaneous trunci at 

both pHs 5.6 and 6.5 (Figure 9.4h, I, j, respectively); while masseter at 5.6 was most resistant to 

the formation of aggregated β- strands (both at 1628 and 1616 cm-1) and random coil compared 

to itself at 6.5 and cutaneous trunci at both pHs (5.6 and 6.5) (Figure 9.4k, l, m respectively). 

Finally, at 65°C, the observed trends were distinct in the native and the formed structures. 

Specifically, the native structures α-helices and β-turns, showed a greater decrease at pH 6.5 

than at pH 5.6 in the muscle fibres of both muscles (Figure 9.4h and j, respectively) when heated 

at 65°C. It is interesting to observe the shift of the sensitivity in relation to pH in masseter, with 

masseter at 6.5 showing in a large decrease in native structures at 65°C compared to 60°C (Figure 

9.4h, I, j). In relation to aggregated β-strands (Figure 9.4k and l), proteins in the muscle fibres of 

masseter and cutaneous trunci at 65°C formed more of these structures when incubated at their 

ultimate pHs (6.5 masseter and 5.6 cutaneous trunci) than when incubated at the ultimate pH 

of the other muscle. The ratio between aggregated β-strands (1628 cm-1) and α-helix is also used 

as an indicator of the proportion between aggregation of proteins and their unfolding. In the 

raw incubated condition, masseter had a higher ratio of β-aggregated strands to α-helices 

(Figure 9.4g). However, heating at 55°C resulted in cutaneous trunci having a greater formation 

of aggregated β-strands at the expense of the decrease in α-helices than in masseter (Figure 

9.4g). At 60°C and 65°C, pH driven trend was notable. At pH 6.5, a higher aggregated β-

strands/α-helix ratio was observed in comparison to pH 5.6 in the proteins of the muscle fibres 

of both muscles (Figure 9.4g). 
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9.3.1.2. Intramuscular Connective Tissue (IMCT) proteins 

When the IR absorbance of the IMCT was analysed by PCA, the only evident separation on the 

PC1 component, which accounted for 81 % of the variance of the data, was the separation 

between 65°C and the other temperature treatments (Figure 9.5). The PC1 component is driven 

in the positive direction by a peak at the 1658 cm-1 band and in the negative direction by a peak 

at the 1628 cm-1 band, indicating smaller amount of α-helix structures and higher amount of 

aggregated β-strands at 65°C compared to lower cooking temperatures (55°C and 60°C) and to 

raw condition (25°C) (Figure 9.5a and b, Table 9.1). PC2 explains 11% of the variability of the 

data and it is clearly associated with a change in the 1647 cm-1 band (Figure 9.5a and b). There 

is only a tendency of cutaneous trunci incubated at 5.6 and heated at 65°C, to separate on the 

PC2 component from cutaneous trunci at 6.5 and masseter at both pHs, which might mean that 

it has less unordered structures (Figure 5b), but the separation is not very sharp (Figure 9.5a).  
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Figure 9. 5 Principal component analysis (PCA) analysis and loading plots for the effect of temperature and pH on 

the denaturation of intramuscular connective tissue (IMCT) proteins in masseter and cutaneous trunci. a) PCA of 

the second derivatives of the infrared (IR) absorbance in the Amide I region (1600-1700 cm-1) collected from IMCT 

from transverse sections of masseter and cutaneous trunci muscles in control conditions (25°C) and heated to 55°C, 

60°C and 65°C in buffers preadjusted to pH 5.6 and 6.5; b) Loading plot of the PC1 and PC2 components of the PCA 

analysis in a). 

The IR absorbance and the change with heating at the relevant wavenumbers for the IMCT of 

masseter and cutaneous trunci were also affected by the interactive effect of muscle type, pH 

and temperature (p<0.05 for both the absorbance and the change with heating; for full statistical 

overview see Table 9.2) (Figure 9.4). Same as for the muscle fibres, the buffer incubation caused 

changes in absorbance of the IMCT of masseter (25°C vs 25N), while IMCT of cutaneous trunci 

was not affected by the incubation in raw condition (Figure 9.6a-g). In incubated raw condition 

(25°C), cutaneous trunci had a greater presence of secondary structures compared to masseter 

for all wavenumbers analyzed when compared at the same pH, except for aromatic side chains 

(Figure 9.6a-f). Heating of the muscles (sections) led to a decrease in α-helix, β-turns and β-sheet 

secondary structures (Figure 9.6h, I, j) and an increase in aggregated strands and aromatic side 

chains (Figure 9.6k and l) in the IMCT of masseter and cutaneous trunci. The band at 1647 cm-1 

(attributed to unordered structures) showed minor (except of masseter at pH 6.5 heated to 

60°C) and inconsistent changes with the increase in temperature for the different treatment 

groups and therefore will not be further discussed (Figure 9.6m).  
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Figure 9. 6 Predicted means of the Fourier Transform Infrared (FTIR) absorbance at selected wavenumbers and 

change in the absorbance with heating, in the Amide I region corresponding to secondary structure of proteins, 

collected from intramuscular connective tissue (IMCT) in transverse sections of masseter and cutaneous trunci 

bovine muscles treated in mannitol buffer at 25°C (control), 55°C, 60°C and 65°C with pH of either 5.6 or 6.5. a) α-

helix; b) β-sheet; c) β-turns; d) Aggregated β-strands (1616 cm-1); e) Aromatic side chains; f) Unordered structures; 

g) Ratio of predicted means for aggregated strands (1628 cm-1) and α-helices; h) Change in α-helix; i) Change in β-

sheet; j) Change in β-turns; k) Change in aggregated β-strands; l) Change in aromatic side chains; m) Change in 

unordered structures. M- masseter, C- cutaneous trunci. 25N- non-incubated control, which is at ultimate pH: 5.6 

for cutaneous trunci, and 6.5 for masseter. Error bars represent the SEDs of the three-way interaction muscle x pH 

x temperature, p<0.01 for all analysed data. Significance of fixed factors, and two-way interactions are given in 

Table 9.2.  
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Changes in the absorbance of the IMCT with heating and pH treatments were not as large as for 

muscle fibres, particularly at 55°C and 60°C (Figure 9.6h-m). Namely the changes at 55°C and 

60°C appeared to be very minor, except for a decrease in β-sheet in masseter at 55°C (Figure 

9.6i). The reduction in α-helices with the increase in temperature was minor, with some more 

changes occurring at 65°C (Figure 9.6h). At 65°C, a greater reduction in α-helices of the IMCT 

occurred at pH 5.6 than at pH 6.5 within each muscle type, and more reduction occurred for 

cutaneous trunci at pH 5.6 than for masseter at the same pH (Figure 9.6h). β-Turns and β-sheets 

structures in the proteins of the IMCT also appeared to have a greater reduction at pH 5.6 than 

pH 6.5, but the difference was consistently significant only within cutaneous trunci (Figure 9.6i 

and j). On the other hand, aggregated strands started forming at 60°C to in a great extent in 

IMCT proteins in masseter, particularly at pH 6.5 (Figure 9.6k). At 65°C, similar to what we 

observed in muscle fibres, the muscles tended to have more aggregated structures when 

incubated at their ultimate pHs (6.5 masseter and 5.6 cutaneous trunci) than when incubated at 

the ultimate pH of the other muscle (Figure 9.6k). Finally, there was a greater absorbance of the 

aromatic side chains in the IMCT at pH 5.6 in cutaneous trunci compared to pH 6.5, but there 

was no significant difference between pHs in masseter (Figure 9.6l). In the IMCT, the ratio of 

aggregated β-strands/α-helices in raw condition was higher in masseter than in cutaneous 

trunci. At 55°C, 60°C and 65°C, proteins of both muscles had a higher aggregated β-strands/α-

helices ratio at their ultimate pH (6.5 for masseter and 5.6 for cutaneous trunci), than when 

incubated at the ultimate pH of the other muscle.  

9.3.2. Heat-induced shrinkage of muscle fibres 

Transverse, longitudinal and volume shrinkages of the fibre fragments increased with the 

increase in temperature (p<0.05 for all) and the shrinkage occurred to a greater extent at all 

temperatures, in cutaneous trunci than in masseter (p<0.001 for all)(Figure 9.7) (see Table 9.3 

for full statistical overview). There were no main, two-way or three-way interactions for the 

effects of pH treatment on the transverse, longitudinal and volume shrinkage (p>0.05 for all) 

(Table 9.3). Overall, cutaneous trunci had 9.4 %, 3% and 18 % greater transverse, longitudinal 

and volume shrinkage than masseter. The extent of the longitudinal shrinkage was much smaller 

compared to the extent of transverse shrinkage at all temperatures particularly in cutaneous 

trunci (Figure 9.7). 
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Table 9. 3 Overview of statistical significance of fixed factors, two-way and three-way interactions for all statistical 

analysis of the data in Figure 9.7. 

Shrinkage Muscle 
type 

pH Temperature Muscle 
type x pH 

Muscle type 
x 
temperature 

pH x 
temperature 

Muscle type 
x pH x 
temperature 

Transverse <0.001 >0.05 <0.001 >0.05 >0.05 >0.05 >0.05 

Longitudinal <0.001 >0.05 <0.05 >0.05 >0.05 >0.05 >0.05 

Volume <0.001 >0.05 <0.001 >0.05 >0.05 >0.05 >0.05 

 

 

Figure 9. 7 Shrinkage of muscle fibre fragments isolated from masseter and cutaneous trunci bovine muscles, 

heated in buffers pre-adjusted to pH 5.6 and 6.5 to 55°C, 60°C and 65°C. a) Transverse shrinkage; b) Longitudinal 

shrinkage; c) Volume shrinkage. Values are predicted means for the three- way interaction muscle x pH by 

temperature, which was not significant p>0.05, as well as the two- way interactions and the effect of pH. The fixed 

factors pH and temperature were significant: p(muscle type)<0.001 and p(temperature)<0.05 for all three 

categories of shrinkage estimates. For detailed overview of significance levels, see Table 9.3.
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9.4. Discussion 

9.4.1. Denaturation 

9.4.1.1. Proteins affected by thermal denaturation 

The present study covers heating at low cooking temperatures 55°C, 60°C and 65°C, and 

therefore proteins that are affected by these temperatures, are myosin and sarcoplasmic 

proteins in the muscle fibre, and perimysial collagen in the IMCT (Stabursvik & Martens, 1980). 

Endomysial collagen is not expected to contribute to the FTIR spectra, since the spectra is 

collected either from the inside the cell (muscle fibre) or from the perimysium rich extracellular 

area (IMCT) (See Figure 9.1). Myosin is known to denature in whole meat at temperatures 

around 55°C (Findlay & Stanley, 1984) and studies on isolated myosin have shown that at least 

three different transition phases are present in the myosin peak. Specifically, Wright and Wilding 

(1984) have found that denaturation of rabbit myosin tail, hinge and head occurred at 39°C, 44°C 

and 50°C, respectively and this can vary with the species and muscle type. The involvement of 

sarcoplasmic proteins in the thermal denaturation is disputable since the heating in a liquid 

buffer might have extracted them from the section (Astruc, et al., 2012), as they are easily 

extracted at low ionic strength (Yu et al., 2017). Finally, collagen is the predominant protein in 

the IMCT, but glycoproteins and sarcoplasmic proteins (Vaskoska et al. 2020e Chapter 7) are also 

found in the IMCT. We postulate that sarcoplasmic proteins become more present in the IMCT 

with the increase in temperature, as they move from the intracellular to the extracellular space 

with the shrinkage of the fibres.  

9.4.1.2. Denaturation and aggregation of proteins in muscle fibres 

The decrease of α-helices with the increase in temperature in the muscle fibres occurs, to a small 

extent, at 55°C in both muscles (Figure 9.3, Figure 9.4a and h), which corresponds to our previous 

findings using FTIR microspectroscopy where a small but significant decrease in α-helices in 

masseter and cutaneous trunci was observed in cooked meat at the lowest test temperature of 

50°C (Vaskoska et al., 2020e Chapter 7). Many studies using FTIR have identified the decrease in 

α-helices as one of the main effects of cooking on muscle fibre proteins in bovine longissimus 

thoracis et lumborum (Jackson & Mantsch, 1995), bovine semitendinosus (Astruc, et al., 2012), 

porcine longissimus thoracis (Bertram et al., 2006) and bovine deltoideus (Motoyama, et al., 

2018). The reduction in α-helices at 55°C is most likely due to myosin, the most abundant protein 

and rich in α-helix structures (Xiong, 1997), having a transition temperature at the same 

temperature (Findlay & Stanley, 1984). While 55°C was the lowest temperature we tested in this 
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study, Wang and Smith (1994) have shown a reduction in α-helices in isolated chicken breast 

myosin at cooking temperatures as low as 45°C.  

A decrease of high frequency intramolecular native β-sheet and turn/loop structures (Figure 

9.4b and i) at similar wavenumbers (1682 cm-1 and 1660 cm-1) was also reported in the study of 

Bertram et al. (2006) in muscle fibre proteins of porcine longissimus thoracis et lumborum. 

We observed quite a large increase in aggregated β-strands at temperatures >60°C (Figure 9.4k 

and l). A study exploring the mechanism of the thermal denaturation and aggregation of myosin, 

as part of the actomyosin complex, has shown that the denaturation of myosin starts with 

unfolding of the actomyosin complex already from 30°C, followed by dissociation of myosin from 

actomyosin at 40°C, and ends with aggregation by hydrophobic and disulphide interactions at 

>60°C (Sano et al., 1994). The increase of disulphide interactions between actomyosin molecules 

was also shown recently by heating actomyosin from porcine longissimus dorsi at 70°C (Zhao, et 

al., 2019). Formation of disphide bonds, and aggregation of proteins in general, are also very 

important for their negative effect on the digestibility of those proteins (Santé Lhoutellier et al.,, 

2008; Zhao, et al., 2019). The increase in aggregated β-strands in the proteins of the muscle 

fibres of masseter and cutaneous trunci occurring over two wavenumbers, 1616 cm-1 and 1628 

cm-1 (Figure 9.4k and l), corresponds to the findings of Bertram et al. (2006) and Böcker et al. 

(2007) who identified the same two wavenumbers indicating an increase in aggregated β-strand 

structures in muscle fibres from porcine longissimus thoracis et lumborum. The increase in 

absorbance at 1628 cm-1 (or 1624 cm-1) with heating reflecting the increase in aggregated 

strands, is more commonly reported for muscle fibres of bovine and porcine muscles (Astruc, et 

al., 2012; Bertram et al.,2006; Böcker, et al., 2007; Motoyama, et al., 2018; Vaskoska, et al., 

2020f Chapter 8) than the absorbance at 1616 cm-1. The minor changes in the random coil 

structures of the muscle fibres of both muscles (Figure 9.4m) indicates the tendency of 

denatured unfolded proteins to aggregate rather than remain in random coil form. Conversely, 

Bertram et al. (2006) found a decreasing trend at 1639 cm-1 in muscle fibre proteins and 

associated it with native β-sheet.  

9.4.1.3. Intramuscular connective tissue (IMCT) protein denaturation and aggregation 

The resistance of the IMCT to thermal denaturation at temperatures lower than 65°C, except for 

some changes in masseter in β-sheet and turns at 55°C and cutaneous trunci at pH 5.6 at 60°C 

(Figures 9.5a and 9.6a-c and h-j), corresponds to the transition temperature of collagen which 

ranges between 59°C and 69°C (Purslow, 2014). The transition temperature of collagen in 

masseter and cutaneous trunci was previously identified to be 63°C (Vaskoska, et al., 2020f 
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Chapter 8). Other FTIR studies have also  found minor changes in the IR absorbance of the IMCT 

as a result of cooking (Astruc, et al., 2012; Kirschner et al., 2004; Vaskoska, et al., 2020e Chapter 

7). The α-helix structures of the chains of the collagen triple helix decreased with heating (Figure 

9.6h), in agreement with a study on isolated collagen using FTIR, circular dichroism and surface 

hydrophobicity (Zhang et al., 2020). The decrease in β-sheet and β-turn structures in the proteins 

of the IMCT agrees with our previous results on cooked masseter and cutaneous trunci 

(Vaskoska, et al., 2020e Chapter 7).   

IMCT protein aggregation only manifested at one wavenumber (1628 cm-1) and it occurred to a 

lesser extent, particularly in cutaneous trunci, than in the muscle fibre proteins (Figure 9.6d and 

k). This might be related to the high content of proline and glycine in collagen molecules that 

have very low affinity to form aggregated β-sheet structures (Shoulders & Raines, 2009), 

compensated by the tendency of other proteins such a glycoproteins to form these structures 

(Kirschner et al., 2004). It is not surprising to observe an increase in vibrations of aromatic side 

chains and specifically tyrosine in the IMCT rather than in the muscle fibres (Figure 9.6I), as the 

IMCT is known to have double the content of tyrosine compared to muscle fibres (Lin & Liu, 

2006; Motoyama, et al., 2018). The increased absorbance of tyrosine in the IMCT with the 

denaturation process was explained by Motoyama et al. (2018) by the exposure of tyrosine and 

aromatic side chains without charge, which are normally hydrophobic, to the surface of the 

protein molecule, in their case due to acid denaturation. Therefore, the exposure of tyrosine 

and phenylalanine is sometimes used as a measure of the conformational changes in collagen I 

(Zhang, et al., 2020).  

9.4.1.4. Myosin isoform is a major factor in thermal denaturation in masseter and 

cutaneous trunci proteins  

In the muscle fibres, the most consistent trend in relation to the muscle/fibre type and therefore 

myosin isoform, was the greater thermal denaturation (decrease in α-helices, β-sheet and β-

turns in Figures 4h,I and l) and aggregation (increase in aggregated β-strands in Figure 9.4k and 

l) in proteins of cutaneous trunci than proteins of masseter at 55°C (see Figure 9.3c,d). Knowing 

that myosin denatures at this temperature (Findlay & Stanley, 1984), this indicates a lower 

thermostability of the myosin isoform of type II fibres in comparison to the myosin isoform of 

type I fibres in beef. This finding agrees with previous comparisons between myosin molecules 

from rabbit psoas major (type IIB) and semimembranosus (type I) compared in their gelling 

ability at pH 6 (Boyer et al.,1996), and myosin from chicken pectoralis (white) compared to 

iliotibialis and gastrocnemius (red) in their aggregation at pH 6 (Liu et al., 1996). Vega-Warner 
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et al.(2001) found the second transition temperature of myosin, which is normally the one 

chosen as a transition temperature of the whole molecule, was 3-5°C higher in the type I muscle 

(semimembranosus) than in the type II muscle (vastus intermedius), irrespective of the pH. 

Astruc et al. (2012), comparing pure and hybrid types of muscle fibres in sections of bovine 

semitendinosus, also found that the formation of aggregated β- strands was lowest in type I 

fibres when heated at 50°C. The myosin molecules isolated from the same muscles of the 

present study, myosin isoform II isolated from cutaneous trunci and myosin isoform I from 

masseter were compared for their solubilization, aggregation and thermal stability and it was 

found that myosin from cutaneous trunci was solubilized more at pH<5.7 (Fretheim et al., 1986), 

prone to more aggregation at low pH and low ionic strength, and its head and rod were less 

thermally stable than the head and rod of the type I myosin from masseter (Egelandsdal et al., 

1994). Having observed this in muscle sections without isolation of myosin, we can conclude 

that the myosin isoform is a dominating factor in the thermal denaturation difference between 

the masseter and cutaneous trunci when cooked at 55°C.  

9.4.1.5. Effect of muscle type on protein denaturation in the intramuscular connective 

tissue (IMCT) 

In the IMCT, proteins in masseter appeared to be more sensitive to the formation of aggregated 

β-strands, aromatic side chains and unordered structures at 60°C (Figure 9.6k, l and m), 

compared to proteins in cutaneous trunci. The greater formation of aggregated β-strands in 

masseter compared to cutaneous trunci disagrees with our previous results where we found 

proteins in the IMCT of cutaneous trunci to be forming more aggregates than proteins in the 

IMCT of masseter at 60°C (Vaskoska, et al., 2020e Chapter 7). However, the discrepancy between 

these studies can be related to the different heating methods, where in the present study meat 

was cooked as thin  sections and in the former study (Vaskoska, et al., 2020e Chapter 7), whole 

meat cuboids were cooked followed by sectioning for FTIR absorbance measurement. The 

potential loss of sarcoplasmic proteins from the thin sections during the heating in the present 

study, may have led to the FTIR absorbance of the IMCT being dominated by collagen in masseter 

which has a slightly higher collagen content compared to cutaneous trunci (Vaskoska et al., 

2020f, Chapter 8). 

9.4.1.6. Does pH influence protein denaturation in masseter and cutaneous trunci? 

9.4.1.6.1. The effect of incubation in a buffer and presence of native structures in raw samples  

We have found changes in absorbance caused by the exposure to the buffer in the sections from 

the two muscles in raw condition (Figures 9.4 and 9.6, 25N vs 25°C). Astruc et al. (2012) found 
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that the exposure to a buffer led to a decrease in α-helices, hence incubation at room 

temperature in a buffer adjusted to the muscle ultimate pH, inherently leads to changes in 

protein structures. For interpretation of the effect of incubation, consideration must be given to 

the isoelectric points of the major proteins and the ultimate pH of the muscles. The isoelectric 

point of myosin is ~5.5 (Bailey, 1937), while the isoelectric point of collagen is ~7.8 (Highberger, 

1939). Larger changes in absorbance were expected when the sections were incubated at pHs 

different to their ultimate pH or their isoelectric point, due to potential changes in the charges 

on the proteins. However, according to results of Astruc et al. (2012), the hydration that occurs 

during the incubation procedure causes a change in conformation of the proteins.  

In raw condition (25°C) (Figure 9.4a), the lower amount of α-helices at pH 5.6 compared to pH 

6.5 in masseter agrees with the findings of Liu et al.(2010) for porcine myosin (Figure 9.4a). Liu 

et al. (2010) also found an increase in β-sheet structures in porcine myosin with incubation at 

lower pH (for instance when pH 6.5 is compared to pH 5.5), which in our study was the case only 

in masseter at 25°C (Figure 9.4b). We found less random coil in muscles at lower pH in both 

muscles at 25°C (Figure 9.4f), while Liu et al. (2010) found greater amount of random coil at 

lower pH in porcine myosin.  

9.4.1.6.2. pH and thermal denaturation in masseter and cutaneous trunci 

pH can change protonation of a protein and therefore change the quaternary and tertiary 

structures of the protein (Motoyama, et al., 2018). The resistance of proteins in muscle fibres of 

masseter at 6.5 to a decrease in native structures (α-helix, β-sheet and β-turns) at 60°C, 

compared to proteins in muscle fibres of masseter at 5.6 and cutaneous trunci at both pHs could 

be because of the higher transition temperature of myosin at higher pH (Goodno & Swenson, 

1975). Even when tested in whole bovine longissimus lumborum and semimembranosus muscle, 

higher pH led to higher transition temperature of myosin (Rios-Mera et al., 2017; Stabursvik & 

Martens, 1980). In a similar manner,  turn structures are at higher levels at pH 6.5 in masseter 

proteins than at pH 5.6 at 25°C, 55°C, and 60°C which agrees with the result of Bocker et al. 

(2006) in porcine semitendinosus. We noted very clear pH related trends in the decrease of 

native structures and the increase in thermally induced formed structures. Namely, lower pH 

(5.6) led to less decrease in native structures in the muscle fibres compared to high pH (6.5) 

(Figure 9.4, h, i and j, except of β-sheet in cutaneous trunci), and vice versa more native 

structures were preserved at lower pH of both muscles. Vega- Warner and Smith (2001) found 

a greater conformational stability of myosin in both red (semimembranosus) and white (vastus 

intermedius) bovine muscles at pH 5.5 compared to pH 6.05 and associated this to the stabilizing 

effect of the formation of myosin oligomers at low pH close to the isoelectric point of myosin.  
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We found that proteins in the muscle fibres at 65°C aggregated more when incubated at their 

native ultimate pH. This was not fully expected, as we expect proteins to aggregate more at pH 

close to the isoelectric point of the specific protein, because of reduced electrostatic repulsion 

between the proteins. Since myosin has an iso-electric point of 5.5, we expect proteins to 

aggregate more when they were incubated at pH 5.6 than when incubated at pH 6.5; this was 

the case in cutaneous trunci, but not in masseter. Bocker (2006) also found reduced aggregation 

of muscle fibre proteins in porcine semitendinosus at higher pH. Similarly, Vega-Warner (2001) 

found greater aggregation of myosin at pH 5.5 compared to myosin at pH 6.05 irrespective of 

fibre type of the muscle when the myosin molecules were heated at temperatures ≤50°C. 

However, with thermal denaturation at 65°C, myosin from muscle type II at pH 5.5 showed the 

lowest aggregation compared to myosin from type II muscle (vastus intermedius) at pH 6.05 and 

myosin from type I muscle (semimembranosus) at both pHs (Vega-Warner & Smith, 2001), which 

disagrees with our results.  

Proteins in the IMCT had the same tendency as proteins of the muscle fibres, as they were more 

resistant to a decrease in native structures at higher pH. The more preserved α-helices in the 

IMCT proteins at pH 6.5 compared to pH 5.6, can be explained by the higher transition 

temperature of IMCT from bovine longissimus dorsi when heated at higher pH in an isolated 

form (Aktaş, 2003). Conversely, DSC studies on the same, or different muscles with different 

ultimate pH, showed that the  thermal denaturation transition temperature for collagen is 

independent of pH (Stabursvik & Martens, 1980; Vaskoska et al., 2020f Chapter 8). 

Aggregation in IMCT proteins also followed the same trend as the muscle fibres, being higher 

when the sections were incubated at the native ultimate pH of the muscle, and in the case of 

the IMCT would need to be interpreted in relation to the isoelectric point of collagen  is ~7.8 

(Highberger, 1939). Therefore, collagen in masseter at 6.5 is closer to the isoelectric point 

compared to collagen in masseter at pH 5.6 and that explains the higher aggregation rate at 60°C 

and 65°C, while the differences between aggregation of proteins in the IMCT for cutaneous 

trunci between the two pHs were not significant (Figure 9.6k).  

9.4.2. Shrinkage 

Muscle fibres from type II from cutaneous trunci showed greater shrinkage relative to muscle 

fibres from type I masseter, independent of the pH and cooking temperature temperatures in 

this study. The greater shrinkage of type II fibres can be related to: the contractile characteristics 

of the myosin isoform; and the more developed sarcoplasmic reticulum, the greater content of 

cytoskeletal proteins, and the thinner Z lines of these fibres that will restrict their shrinkage less 
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than in fibres of type I (Pearson & Young, 1989). These findings agree with our previous results 

where we have tested shrinkage of fibre fragments at the ultimate pH of masseter and 

cutaneous trunci (Vaskoska et al., 2020f Chapter 8). The fact that fibre fragment shrinkage was 

pH independent provides evidence that the greater shrinkage of cutaneous trunci than masseter 

at low cooking temperatures (≤65°C) is most likely due to the fibre type or myosin isoform. It is 

interesting to note that findings on raw muscle in relation to pH might not be directly applicable 

to cooked meat. Hughes et al. (2019) showed that both myosin-myosin spacing and myosin-actin 

spacing are greater in muscles of higher pH than in muscles of lower pH. Thus, use of a 

homogenisation buffer at a higher pH would result in swelling of muscle fibres and vice versa, in 

lower pH the muscle fibres would shrink.  While we observed a higher diameter for the raw fibre 

fragments at higher pH in cutaneous trunci (Appendix, Figure 9.S. 1), the difference was not 

significant, possibly due to low replication. Finally, pH was not a significant factor affecting 

shrinkage during cooking of fibre fragments, irrespective of the expected spacing difference in 

the raw fragments at different pH’s. 

9.4.3. Protein denaturation and shrinkage 

We have previously shown that shrinkage of fibre fragments closely follows denaturation in 

structural proteins including myosin (Vaskoska et al., 2020f Chapter 8), thus it is not surprising 

that greater denaturation, and aggregation, occurred in cutaneous trunci at 55°C (Figure 9.4) 

coinciding with greater shrinkage in this muscle in comparison to masseter (Figure 9.7). At 60 

and 65°C, proteins other than myosin likely contribute to the FTIR spectra, for instance non-

structural sarcoplasmic proteins. Transverse shrinkage is believed to be a consequence of 

myosin denaturation (Purslow et al., 2016; Vaskoska et al., 2020f Chapter 8) with potential 

contributions of endomysial collagen (Vaskoska et al., 2020f Chapter 8). Heating leads to a 

decrease in the spacing (about 0.4 nm) between thick and thin filaments in the myofibril  

(Purslow et al., 2016), and it appears, from our results, that this occurs at a lower temperature 

in cutaneous trunci relative to masseter, and cutaneous trunci undergoes greater denaturation 

and therefore greater shrinkage. While longitudinal shrinkage might be related to myosin 

denaturation, the longer sarcomere length of cutaneous trunci might be responsible for the 

greater longitudinal shrinkage of fibre fragments than in masseter (Vaskoska et al., 2020f 

Chapter 8). The muscle/fibre type effect at 55°C allows us to attribute the differences in the 

cooking loss and shrinkage between cutaneous trunci and masseter in our previous study 

(Vaskoska et al., 2020f Chapter 8) to the different thermostability of the myosin isoform. 
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9.5. Conclusion 

This study aimed to investigate the effects of fibre type (classified using myosin isoforms), pH 

and temperature on protein denaturation and shrinkage of bovine masseter and cutaneous 

trunci muscles. Fibre type caused large differences in the denaturation and aggregation 

behaviour of the muscle fibre proteins at 55°C, and we related this to myosin in cutaneous trunci 

being more sensitive to thermal denaturation than that of masseter, irrespective of pH. At 65°C, 

pH determined the protein denaturation and aggregation. A higher decrease in native structures 

of the muscle fibre proteins occurred at pH 6.5 and a greater decrease in IMCT protein native 

structures occurred at pH 5.6. A higher level of aggregation occurred in both the muscle fibres 

and the IMCT of masseter and cutaneous trunci at their respective native ultimate pH. Finally, 

shrinkage of muscle fibre fragments was greater in cutaneous trunci than in masseter, 

irrespective of pH. The difference in shrinkage at 55°C could be explained by differences in the 

denaturation behaviour of the different myosin isoforms as observed by FTIR.  
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9.7. Appendix 

 

 

Figure 9.S. 1. Diameter of raw fibre fragments of masseter and cutaneous trunci at the two pH levels (5.6 and 6.5), 

analysed in Figure 9.7. 

  



235 
 

10. GENERAL DISCUSSION 

During cooking, beef and pork lose water and the texture changes. These physical changes are 

closely related to the structural shrinkage that occurs on the level of the whole meat and its 

main components, the muscle fibres and the intramuscular connective tissue (IMCT). Both the 

change in quality and structural changes during cooking, are largely driven by the thermal 

denaturation of the major meat proteins. 

10.1. Cooking loss  

Cooking loss represents the fluid lost during cooking of meat, that is mainly composed of water 

and includes sarcoplasmic proteins, and other small compounds, that are expelled from the 

muscle cells. The water lost during cooking might include both water from the extracellular 

space, as well as water from the inter-and intra-myofibrillar space, but it does not include water 

strongly bound to the amino acids. Extracellular free water and intracellular myofibrillar water 

normally can take up to 15% and 75 % of the total water of the muscle, respectively and the 

remaining 10 % is bound water (Liu, 2016). Extracellular water is the first one to be lost either 

as drip or as cooking loss, followed by water from the muscle cells released with the process of 

heat- induced protein unfolding, exposure of hydrophobic groups and therefore, expelling of 

water. In the heating regimes tested through this thesis, we have found a maximum of 40 % 

cooking loss when porcine longissimus lumborum aged for 3 days and bovine semitendinosus 

aged for 14 days were cooked at 80°C for 30 minutes (Chapters 4 and 5 (Vaskoska et al., 

2020d,b)). This indicates that despite intense protein denaturation, almost half of the water in 

meat (excluding the bound water) remains `trapped` or physically constrained in the meat 

structure. Some of the remaining water will contribute to the juiciness of meat (Aaslyng et al., 

2003). 

10.1.1. Effect of cooking temperature 

Cooking loss increased in a linear manner with the increase in cooking temperature in all species 

and muscles tested in this thesis: bovine semitendinosus, biceps femoris and psoas major 

(cooked at temperatures 50°C-80°C for 30 minutes in Chapter 5 (Vaskoska et al., 2020b)), 

porcine longissimus lumborum (cooked at 50°C-80°C for 30 minutes in Chapter 4 (Vaskoska et 

al., 2020d)) and bovine masseter and cutaneous trunci (cooked at 50°C-85°C at 5°C/minute, 

Chapter 8 (Vaskoska et al., 2020f)).  

10.1.2. Effect of ageing 

In Chapter 5 (Vaskoska et al., 2020b), the effect of ageing on cooking loss of beef was analysed 

by comparing unaged (1 day pm) and aged beef (14 days pm). Cooking loss of aged beef (14 days 
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pm) was found to be 2-5 % greater compared to cooking loss of unaged beef (1 day pm) in bovine 

semitendinosus, biceps femoris and psoas major muscles (Chapter 5 (Vaskoska et al., 2020b)). 

While beef is aged for improved tenderness and flavour, its water- holding capacity with cooking 

is reduced and our findings agree with previous studies (Colle et al., 2016; Purslow et al., 2016; 

Shanks et al., 2002). The increased cooking loss with ageing can be explained by the reduced 

ability of the weakened protein structure to retain water (Wu et al., 2006). Some authors have 

attributed the greater loss of water in aged meat to sarcoplasmic proteins, that are expelled 

from the muscle cell during the cooking (Purslow et al., 2016). Although proteins degraded 

during post-mortem proteolysis might be able to bind more water through more available sites 

(Huff-Lonergan & Lonergan, 2005), that water appears to be more easily lost during cooking. 

In pork, different ageing periods were chosen for comparison, namely a conventional ageing of 

3 days (Channon et al., 2016) and extended ageing of 15 days (Chapter 4 (Vaskoska et al., 

2020d)). Extended ageing of 15 days in comparison to conventional ageing of 3 days significantly 

reduced the cooking loss of porcine longissimus lumborum muscle when cooked at 70°C and 

80°C (Chapter 4 (Vaskoska et al., 2020d)). The reduced cooking loss of pork aged for 15 days 

compared to pork aged for 3 days was explained by the `leaking out` hypothesis: the cooking 

loss with longer ageing will be smaller, as the available water is reduced through the loss of 

water in the form of drip or purge in the period between 3 and 15 days (Kim, 1993). Indeed, we 

measured greater purge in the vacuum bag of 15 days aged pork compared to the purge of 3 

days aged pork (Chapter 4 (Vaskoska et al., 2020d)). The available water in this case mainly refers 

to extracellular water, lost by the force of gravity (Liu, 2016).  

10.1.3. Mechanism of cooking loss 

In the first chapter, we proposed the research question: ‘why does cooking loss follow a linear 

trend when protein denaturation is normally described by at least three major protein 

denaturation events at different temperatures?`. In Chapter 8 (Vaskoska et al., 2020f), we have 

substantiated the linearity of the cooking loss on the dynamics of protein denaturation, 

expressed as the cumulative enthalpy of the process, and explained 58-59 % of the variability of 

the cooking loss by the cumulative denaturation enthalpy of masseter and cutaneous trunci. In 

contrast to traditional methods of examining enthalpy of individual peaks, we used cumulative 

enthalpy.  This novel approach had a two-fold benefit. Firstly, observing protein denaturation as 

a cumulative process allows for better understanding of cooking loss that changes with a linear 

trend, rather than establishing relationships with the separate peaks of the denaturation curve, 

as in Martens et al. (1982). Few other studies have investigated the enthalpy of denaturation of 

meat proteins as a whole process. Deng at al. (2002) used cumulative enthalpy for predicting 
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drip loss, Zielbauer et al. (2015) presented the enthalpy as a function of cooking time, and 

Findlay and Stanley (1984) used the cumulative enthalpy as a predictor of the effect of ageing 

on the protein denaturation. Secondly, the established relationship between protein 

denaturation and cooking loss (Chapter 8 (Vaskoska et al., 2020f)), hypothetically allows us to 

predict the cooking loss, independently of the heating regime. Testing this concept in two 

different muscles with different protein denaturation dynamics (masseter and cutaneous trunci) 

showed that each muscle is characterized by its own specific model parameters (Chapter 8 

(Vaskoska et al., 2020f)). Further improvements of this model could be achieved by 

standardizing the enthalpy per dry matter and including the quantities of major proteins, for 

example collagen. 

10.2. Warner Bratzler shear force (WBSF) 

10.2.1. Effect of cooking temperature 

Tenderness of meat is a complex trait that is affected by many pre-slaughter and post- slaughter 

factors (Gagaoua et al., 2018; Warner et al., 2010). At temperatures lower than 60°C, high values 

of WBSF, relative to the measurements for that muscle across treatments, were measured for 

bovine semitendinosus, biceps femoris (~80N), porcine longissimus lumborum (~30N) and bovine 

masseter and cutaneous trunci (>80 N), in contrast to bovine psoas major that had low WBSF at 

50°C (<30N). Overall, the WBSF at 50°C will hypothetically either resemble the hardness of raw 

meat, or it will even be increased compared to the WBSF in raw condition due to possible onset 

of myosin denaturation, as observed in Chapter 4 (Vaskoska et al., 2020d) in porcine longissimus 

lumborum.  Furthermore in this thesis, we have explained the WBSF dynamics as dominated by 

the connective tissue contribution when meat is held at 60°C, and by the contribution of the 

myofibrillar proteins when meat is cooked and held at temperatures ≥70°C, as described by 

Bouton et al.(1975) and Møller et al.(1981) (Chapters 4 and 5 (Vaskoska et al., 2020d,b)). We 

have clearly evidenced a tenderization of bovine semitendinosus and biceps femoris and porcine 

longissimus lumborum when they were cooked for 30 minutes at 60°C (Chapter 5 (Vaskoska et 

al., 2020b), and in bovine masseter and cutaneous trunci when they were cooked at 65°C 

(Chapter 8 (Vaskoska et al., 2020f)), and we have related the increased tenderness to the 

solubilization of collagen, as described by (Hamm, 1966). Conversely, a tenderization at 60°C 

was not observed for psoas major which is understandable as it is a muscle poor in connective 

tissue (Chapter 5 (Vaskoska et al., 2020b)). The importance of myofibrillar proteins to the WBSF 

at temperatures ≥70°C, is discussed further in the context of ageing in Section 10.2.2.  
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10.2.2. Effect of ageing 

A difference in the WBSF between unaged (1 day post mortem) and aged (14 days post mortem) 

bovine semitendinosus and biceps femoris muscles was evident at temperatures where we 

expect the greater contribution of myofibrillar proteins rather than connective tissue, namely at 

70°C (semitendinosus) and 80°C (semitendinosus and biceps femoris). Indeed, a very interesting 

trend was observed for semitendinosus and biceps femoris in relation to ageing (Chapter 5 

(Vaskoska et al., 2020b)). When these muscles were cooked at 70°C and 80°C as unaged, their 

WBSF increased in comparison to when cooked at 60°C and in comparison to when they were 

aged (except biceps femoris at 70°C); however aged muscles remained tender irrespective of the 

cooking temperature at temperatures >60°C (Chapter 5 (Vaskoska et al., 2020b)). The lower 

WBSF of aged meat might be related to proteins that are degraded during ageing and denature 

at temperatures >60°C, which implicates titin as potential reason for the difference. The role of 

titin will be discussed further in the section of this chapter on longitudinal shrinkage (10.3.3). 

These results demonstrate that unaged meat should not be cooked at high cooking 

temperatures to achieve an acceptable level of tenderness, and that tenderness of aged meat is 

`consumer cooking`-proof, as it will remain tender irrespective of cooking method (Chapter 5 

(Vaskoska et al., 2020b)). However, when psoas major as muscle poor in connective tissue was 

aged, an improvement in tenderness was noted irrespective of cooking temperature, which is 

largely supported by the fact that WBSF in psoas major is driven by myofibrillar proteins only 

(Christensen et al., 2000). Prolonged ageing of pork (15 days compared to 3 days) only reduced 

the WBSF of pork cooked at 50°C (Chapter 4 (Vaskoska et al., 2020d)), distinctively to Dransfield 

et al. (1981) that found an effect of extended ageing on WBSF of pork even when it was cooked 

at 80°C. A cooking temperature of 50°C is not commonly used for pork because it is below the 

threshold for safety (FRSC, 2007). Therefore, the effect we found of prolonged ageing on WBSF 

of pork cooked at 50°C mainly gains importance in relation to low temperature- long time 

cooking regimes that are done at temperatures between 50°C and 65°C (Dominguez-Hernandez 

et al., 2018).  

10.2.3. Mechanism of Warner- Bratzler shear force (WBSF) changes during cooking 

While we attempted to predict the WBSF based on the protein denaturation, and we found 47 

% of the variability in WBSF to be explained by the enthalpy in bovine masseter, we interpret 

this model with caution. Firstly, it is likely that other confounding factors such as intramuscular 

fat might also have a contribution to the low WBSF of masseter at higher cooking temperatures 

and secondly, we did not find a relationship between protein denaturation and WBSF in 

cutaneous trunci (Chapter 8 (Vaskoska et al., 2020f)). Solubilization of connective tissue is the 
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traditionally proposed mechanism for the reduced WBSF of meat cooked at 60°C (Chapters 4 

and 5 (Vaskoska et al., 2020d,b)) (Hamm, 1966). In Chapter 4 and 5 (Vaskoska et al., 2020d,b), 

we presumed that holding of meat for 30 minutes at 60°C facilitates collagen solubilization by 

providing more time for the transition to occur, in porcine longissimus and bovine 

semitendinosus and biceps femoris. However, in Chapter 8 (Vaskoska et al., 2020f) we observed 

the same effect, reduction in WBSF, when bovine masseter and cutaneous trunci were cooked 

to end-point temperatures of 65°C and 70°C respectively, and not isothermally held at these 

temperatures and attributed this to collagen. While actin denaturation may cause the 

toughening in bovine muscles at ≥70°C, the ageing-related difference in semitendinosus and 

biceps femoris suggests a role for titin in beef toughness. 

10.3. Structural changes 

10.3.1. Shrinkage measurement 

In Chapter 1 (Vaskoska et al, 2020a), volumes of pork cuboids estimated based on point clouds 

obtained by 3D laser scanning were compared to volumes obtained by calculation using manual 

caliper measurements. 3D laser scanning resulted in larger volume estimates than manual 

measurements, contrary to the study of Tello et al. (2016) who found underestimation in the 

volume estimates of grape clusters obtained by 3D scanning. It appeared that data processing 

reduced the predictability of cooking loss by the volume shrinkage, and the best prediction of 

cooking loss was achieved by measuring the perimeter shrinkage of the pork cuboids which 

included all edges. Conversely, Du and Sun (2005) found a better correlation of cooking loss to 

volume shrinkage than to perimeter shrinkage with cooking of ham. For improved measurement 

of shrinkage, the process of data analysis of point clouds data can be improved and automated.  

10.3.2. Transverse shrinkage 

10.3.2.1. Effect of temperature 

In whole meat cuboids, transverse shrinkage was already ongoing at the lowest temperatures 

tested in this thesis (50°C) in bovine semitendinosus, biceps femoris and psoas major (Chapter 5 

(Vaskoska et al., 2020b)) and porcine longissimus lumborum (Chapter 4 (Vaskoska et al., 2020d)). 

The highest predicted means of transverse shrinkage of whole meat cuboids were reported for 

pork cooked at 70°C for 30 minutes (25 %, Chapter 4) (Vaskoska et al., 2020d) and for unaged 

bovine biceps femoris (~30%) when cooked at 70°C and 80°C (Chapter 5 (Vaskoska et al., 2020b)). 

The lowest transverse shrinkage measured was in bovine psoas major cooked at 80°C for 30 

minutes, that either shrunk very little at this temperature, or more likely, swelled when this 

muscle shrunk longitudinally.  
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When transverse shrinkage was assessed on a level of fibre fragments, while continuously 

heating the fragments at 10°C/minute on a microscope stage, the transverse shrinkage had its 

onset at 45°C in unaged semitendinosus and biceps femoris and at 50°C in aged semitendinosus 

and biceps femoris, while in psoas major the onset occurred at 55°C (Chapter 6 (Vaskoska et al., 

2020c)). Similarly, when we compared muscles of distinct fibre types during continuous heating 

at 5°C/minute in Chapter 8 (Vaskoska et al., 2020f), we found the onset of transverse shrinkage 

in masseter occurred at 55°C, which was 5°C higher than in cutaneous trunci, which occurred at 

50°C. In both cases, it appears that muscles rich in type I fibres have a higher onset temperature 

for transverse shrinkage. 

10.3.2.2. Effect of ageing 

Ageing for 14 days increased the transverse shrinkage of fibre fragments of bovine 

semitendinosus and biceps femoris at temperatures >75°C, but on a level of whole meat it only 

caused reduced transverse shrinkage in biceps femoris (Chapter 5 (Vaskoska et al., 2020b)) and 

had no effect on the transverse shrinkage of whole meat samples from bovine semitendinosus, 

psoas major (Chapter 5 (Vaskoska et al., 2020b)). Extended ageing had no effect on the 

transverse shrinkage of porcine longissimus lumborum compared to conventional ageing 

(Chapter 4 (Vaskoska et al., 2020d)). Since the ageing effect on the transverse shrinkage in the 

fibre fragments occurred at temperatures >75°C, it is likely that this is rather a consequence of 

the differences in longitudinal shrinkage rather than an effect of the proteolytic degradation 

occurring during ageing (Chapter 6 (Vaskoska et al., 2020c)). We have shown that longitudinal 

and transverse shrinkage are inversely related at temperatures >75°C in the fibre fragments 

(Chapter 6 (Vaskoska et al., 2020c)).  

10.3.2.3. Effect of cathepsin inhibition 

Cathepsin inhibition during heating of fibre fragments from semitendinosus resulted in greater 

transverse shrinkage at ≥60°C (Chapter 6 (Vaskoska et al., 2020c)). This was hypothetically 

explained by the prevented proteolysis of collagen in the endomysium (mainly type IV), that 

would lead to a greater pressure on the muscle cell with heating with its denaturation in 

undegraded form. This was dissimilar to the study of Purslow at al.(2016) that found reduced 

transverse shrinkage in aged semitendinosus heated at temperatures >50°C in the presence of  

a broad protease inhibitor, which should target both cathepsin and calpain proteases.  

10.3.2.4. Mechanism of transverse shrinkage 

The onset of transverse shrinkage at temperatures between 45-55°C (Chapters 4, 5 and 7 

(Vaskoska et al.,2020d,b,e) aligned with the theory that transverse shrinkage is driven by myosin 
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denaturation as described by (Purslow et al., 2016). Indeed, in Chapter 8 (Vaskoska et al., 2020f) 

we have shown that the DSC peak of myosin denaturation overlapped with the transverse 

shrinkage of the fibre fragments of masseter and cutaneous trunci. Additionally, the delayed 

myosin denaturation in masseter caused a delayed transverse shrinkage in this muscle and this 

was shown using a uniform heating rate in the DSC and the microscopy heating (5°C/min) 

(Chapter 8 (Vaskoska et al., 2020f)). Therefore, as one of the most original findings of this thesis, 

we showed that myosin denaturation causes active transverse shrinkage of muscle fibres. 

However, we could not exclude a potential additional contribution of endomysium as its 

denaturation peak of 58°C (Brüggemann et al., 2010) overlaps with the denaturation peak of 

myosin. Complementing this with the findings on whole meat level, it is likely that there is some 

additional contribution of collagen to the transverse shrinkage of the whole meat. Indeed, 

transverse shrinkage of whole samples of bovine semitendinosus, biceps femoris and  psoas 

major at high cooking temperatures (70°C and 80°C) appeared to be greater in muscles with a 

greater collagen content (>39 µg/mg freeze dried tissue), therefore collagen content was found 

to be a determinant of the transverse shrinkage of whole meat (Chapter 5 (Vaskoska et al., 

2020b)). Finally, it is important to note that we found that whole meat does not necessarily have 

the same extent of transverse shrinkage as the fibre fragments. This was evident in Chapter 8 

(Vaskoska et al., 2020f), where shrunken fibres were often surrounded by more extracellular 

space between the fibres, showing that we can expect a difference between shrinkage on a fibre 

level and on a whole meat level. Indeed, in Chapters 5 and 6 (Vaskoska et al., 2020b, Vaskoska 

et al., 2020c,), we observed examples in bovine muscles where whole meat transverse shrinkage 

was greater than transverse shrinkage of fibre fragments (transverse shrinkage of whole meat 

cuboids 20-30 %, transverse shrinkage of fibres 10-20%). This is contrary to the evidence of 

Purslow at al. (2016), based on bovine semitendinosus, who found no role of collagen for 

transverse shrinkage of meat and found similar extent of (volume) shrinkage between fibres and 

whole meat. However the discrepancy is not surprising as semitendinosus compared to other 

muscles has a high elastin content (Bendall, 1967) which is resistant to heat (Astruc et al., 2012) 

and can result in different behaviour to other muscles. 

10.3.3. Longitudinal shrinkage 

10.3.3.1. Effect of temperature 

The extent of longitudinal shrinkage on a fibre level did not exceed 20 % in this thesis (Chapters 

6 and 7 (Vaskoska et al., 2020c,e)), while on whole meat level it reached up to 30 % (Chapters 5 

and 7 (Vaskoska et al., 2020b,e)). In whole meat samples, longitudinal shrinkage had an onset at 

60°C in both bovine semitendinosus/biceps femoris/psoas major (Chapter 5 (Vaskoska et al., 
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2020b))  and in porcine longissimus lumborum (Chapter 5 (Vaskoska et al., 2020e)), whereas the 

onset was at 55°C in whole meat samples of masseter and cutaneous trunci heated continuously 

at 5°C/min (Chapter 8 (Vaskoska et al., 2020f)). On a fibre fragment level, longitudinal shrinkage 

started at 60°C-65°C (Chapter 6 (Vaskoska et al., 2020c)). These temperatures are commonly 

reported as onset temperatures for longitudinal shrinkage (Warner et al., 2010). The greatest 

longitudinal shrinkage on a whole meat level was observed in psoas major, which showed ~30% 

of shrinkage when cooked at 80°C for 30 minutes (Chapter 5 (Vaskoska et al., 2020b)).  

10.3.3.2. Effect of ageing 

Ageing for 14 days reduced the longitudinal shrinkage of beef, both in whole meat samples in 

bovine biceps femoris and psoas major only when cooked at 80°C, as well as on a fibre fragments 

level in bovine semitendinosus and biceps femoris cooked at >70°C (Chapter 5 (Vaskoska et al., 

2020b)). Similarly, ageing for 15 days also reduced the longitudinal shrinkage of pork compared 

to ageing for 3 days (Chapter 4 (Vaskoska et al., 2020d)). The lack of effect of ageing on the 

longitudinal shrinkage of semitendinosus whole muscle samples, corresponds to the findings of 

Purslow et al. (2016) in the same muscle. 

10.3.3.3. Effect of cathepsin inhibition 

Inhibition of cathepsin during heating of fibre fragments reduced the longitudinal shrinkage 

similar to the effect seen with ageing in bovine semitendinosus, biceps femoris and psoas major 

(Chapter 6 (Vaskoska et al., 2020c)). Even though proteins spanning longitudinally (actin and 

titin) in the muscle cell can be substrates for cathepsins (Hopkins & Thompson, 2002; Zeece et 

al., 1992), we were not able to specifically attribute the effect of cathepsin inhibition on 

longitudinal shrinkage to any protein.   

10.3.3.4. Mechanism of longitudinal shrinkage 

The onset and the completion of the longitudinal shrinkage of the fibre fragments of masseter 

and cutaneous trunci in Chapter 8 (Vaskoska et al., 2020f) corresponded to the DSC peak that is 

normally associated with actin denaturation. Actin denaturation is reported to occur between 

73.2°C (Ishiwatari et al., 2013) and 82.5°C (Findlay et al., 1986). However, considering that 

longitudinal shrinkage was clearly affected by ageing, it is very likely that denaturation of titin 

during heating (Figure 10.1a) is also involved in the longitudinal shrinkage of muscle fibres with 

heating and therefore of the whole meat structure.  We hypothesised that integral titin 

contributes to longitudinal shrinkage of the myofibrils, muscle cell and therefore the whole 

muscle by its denaturation (Figure 10.1a). Titin (T1) is affected by proteolysis in aged meat 

(Figure 10.1b) which leads to titin fragmentation into T1-2 and T2 fragments (Huff-Lonergan et 
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al., 1995), which in turn leads to less opportunity for force to be generated and transmitted 

through the muscle fibre by denaturation and therefore less longitudinal shrinkage will occur in 

aged meat compared to unaged meat. The potential further degradation of titin during cooking 

(King, 1984), is not covered in the diagram in Figure 10.1. Consequently, this also explains the 

difference in tenderness of bovine semitendinosus and biceps femoris at 80°C, where unaged 

meat showed a greater toughness probably partly due to titin being intact in unaged meat and 

hence has retained its integrity.  

 

Figure 10. 1 Mechanism of potential contribution of titin to longitudinal shrinkage of meat in relation to ageing. a) 

In unaged meat, titin denatures and remains integral. b) In aged meat, titin degrades by proteolytic action to 

fragments and in degraded form its denaturation lead to less shrinkage. 

Although the greatest longitudinal shrinkage of whole meat was found in psoas major (Chapter 

5 (Vaskoska et al., 2020b)), we did not find fibre fragments of psoas major to shrink in their 

length more than in other bovine muscles (Chapter 6 (Vaskoska et al., 2020c)). While we would 

be tempted to relate the greatest longitudinal shrinkage of psoas major to its longest sarcomere, 

if this was the case the same would be observed in the fibre fragments of this muscle. Therefore, 

there is a possibility that the greater longitudinal shrinkage in muscles with long sarcomere 

length is related to the indirect effect of the collagen orientation which is dependent on the 

sarcomere length (Lepetit et al., 2000; Purslow, 1989). However, this interpretation should be 
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taken with caution as we observed that psoas major has a low amount of connective tissue 

(Chapter 5 (Vaskoska et al., 2020b)). Finally, while we attributed longitudinal shrinkage to actin, 

titin and collagen, it is not excluded that some domains of the myosin molecule contribute to 

longitudinal shrinkage as well, although this concept is not explored in this thesis. This could be 

founded on the basis of some myosin light chains being able to adhere to the actin molecule and 

pull along in the length direction (Schiaffino & Reggiani, 2011).  

10.3.4. Proposed mechanism driving volume shrinkage 

Interestingly, on a fibre level, volume shrinkage was related to the cumulative enthalpy, with 

the enthalpy explaining 71 % of the variation in volume shrinkage in bovine masseter and 

cutaneous trunci (Chapter 8 (Vaskoska et al., 2020f)). A linear model was established between 

the volume shrinkage of fibre fragments and the cumulative enthalpy of masseter and a 

quadratic model was established between the volume shrinkage and the cumulative enthalpy 

of cutaneous trunci. This indicated that at low levels of enthalpy, the same heat flux results in 

greater shrinkage in cutaneous trunci compared to masseter, indicating the importance of the 

contractile properties of the myosin isoform in the response to heat (Chapter 8 (Vaskoska et al., 

2020f)). The specific differences between these muscles will be discussed in the fibre type 

section of this chapter (Section 10.4). To our knowledge, this is the first time, that a quantitative 

relationship is established between protein denaturation and volume shrinkage on a muscle 

fibre level during cooking, which is also a novel finding of this thesis. 

10.3.5. Contribution of structural shrinkage to physical changes in beef and pork 

In beef and pork, longitudinal shrinkage of the cuboids of whole meat were found to be closely 

related to the cooking loss, while the transverse shrinkage of whole beef cuboids was related to 

the WBSF (Chapters 4 and 5 (Vaskoska et al., 2020d,b)), based on multivariate analysis. The 

relationship between longitudinal shrinkage of whole meat and cooking loss agrees with the 

findings of Davey and Gilbert (1974). It is not surprising that longitudinal shrinkage is closely 

related to cooking loss, as most of the water being lost at high cooking temperatures comes 

from the extracellular spaces therefore moves directly into the cooking loss. In addition, the 

close relationship between transverse shrinkage and WBSF is also not surprising, as it is known 

that fibre diameter can influence meat tenderness (Hiner et al., 1953). However, in Chapter 5 

(Vaskoska et al., 2020b), we have found a positive relationship between transverse shrinkage 

and WBSF, so WBSF would be greater in thinner fibres which is surprising. However, this study 

(Chapter 5 (Vaskoska et al., 2020b)) used different muscle types and it is known that in some 

muscles larger fibre diameter is positively and in some negatively related to muscle tenderness 

(Seideman et al., 1987).   
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Figure 10.2 combines the findings of Chapters 5 and 6 (Vaskoska et al., 2020b,c) to explain the 

relationship between shrinkage and cooking loss in relation to ageing. When unaged muscle is 

cooked, it undergoes greater longitudinal shrinkage compared to aged muscle, both on a fibre 

level and on a whole meat level which is related to titin denaturation (Figure 10.1). On a fibre 

level, greater transverse shrinkage occurs in some aged muscles, but that is not translated to a 

difference in shrinkage in the whole meat between ageing periods (Figure 10.2). This probably 

occurs by achieving a looser structure and greater spacing between the fibres (Figure 10.2). 

However, because of the greater transverse shrinkage on a fibre level and more surface of the 

fibres in the transverse direction, still more movement of water occurs in the aged meat, and 

water leaves the structure bound to the sarcoplasmic proteins.  

 

Figure 10. 2 Mechanism of ageing effect on cooking loss, explained by the structural changes during cooking- 

shrinkage on fibre and whole meat level, presenting a summary of the results of Chapters 5 and 6. Note that the 

changes in dimension of muscle fibres due to ageing alone are not covered in this diagram. 
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In Chapters 6 and 8 (Vaskoska et al., 2020c,f), we noted that when we combined transverse and 

longitudinal shrinkage of fibre fragments into a calculated volume shrinkage, volume shrinkage 

reaches a plateau. This was surprising, as the increase in cook loss at high cooking temperatures 

would be logically related to a continuous shrinkage of the fibres. However, this thesis proves 

otherwise. It appears that muscle fibres shrink continuously up to 55°C (bovine psoas major), 

60°C (bovine semitendinosus, biceps femoris) when heated at 10°C/minute and up to 65°C 

(bovine cutaneous trunci) and 70°C (bovine masseter) when cooked at 5°C/minute  and then 

they reach a plateau. However, cooking loss continues to increase despite the lack of 

contribution of the muscle fibres, which has been demonstrated through the quadratic models 

between volume shrinkage and cooking loss in Chapter 8 (Vaskoska et al., 2020f). This indicates 

that the cooking loss at high cooking temperatures includes mainly water from the extracellular 

spaces and that collagen denaturation might have a role in the expulsion of water from the 

whole meat structure at high cooking temperatures. 

10.4. Fibre type as a factor in the physical, structural and biochemical 

changes during cooking 

Table 10.1 summarizes the differences between masseter and cutaneous trunci muscles in their 

changes during cooking. Evidently, the greatest differences between the muscle/fibre types 

occur at cooking temperatures 50°-60°C, where cutaneous trunci has: greater cooking loss, 

greater longitudinal (fibre level), transverse (fibre fragments, fibres within whole meat and 

whole meat level) and volume shrinkage (fibre level)(Chapter 8 (Vaskoska et al., 2020f)); and 

undergoes greater thermal denaturation shown by greater cumulative enthalpy of the protein 

denaturation process (Chapter 8 (Vaskoska et al., 2020f)),  greater reduction in native secondary 

structures (α-helix, β-sheet) and a greater formation of random, aggregated structures and 

greater exposure of aromatic side chains (Chapter 7 (Vaskoska et al., 2020e)). Exceptions to this 

are the longitudinal shrinkage on a whole meat level, where differences between muscles were 

not found; and the WBSF where the difference between muscles was evident only at 

temperatures >75°C and masseter had a lower WBSF than cutaneous trunci.
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Table 10. 1 Summary of differences in the physical, structural and biochemical changes between masseter (fibre type I) and cutaneous trunci (fibre type I) bovine muscles. 

 

*Comparison of transverse shrinkage between cutaneous trunci and masseter is based on visual observations of 

the dimensions of muscle fibres on the microscopy images of these muscles cooked at <60°C 

 

 

Heating induced changes in Structural 
level 

Measurement Temperature (
o
C) 

50 55 60 65 70 75 80 85 

Physical changes meat Cooking loss                 

meat WBSF                 

Structural changes meat Longitudinal shrinkage                 

meat Transverse shrinkage*                 

fibre Longitudinal shrinkage                 

fibre Transverse shrinkage                 

fibre Volume shrinkage                 

Biochemical changes (Thermodynamics of 
protein secondary structure) 

meat Cumulative thermal enthalpy                 

Biochemical changes (Protein secondary 
structure) 

fibre Decrease in native α-helix 
structures 

                

fibre Increase in random coil                 

fibre Formation of aggregated β-
sheet 

                

fibre Formation of aromatic side 
chains 

                

fibre Decrease in native β-sheet                 

cutaneous trunci  > masseter

cutaneous trunci  = masseter

cutaneous trunci  < masseter

data not presented
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The findings of Chapter 7 and 8 (Vaskoska et al., 2020e,f), indicate clearly that the differences 

between masseter and cutaneous trunci are mostly significant when these muscles are cooked 

at temperatures ≤60°C. In masseter, myosin denaturation is observed as joint peak on the DSC 

thermogram with collagen and sarcoplasmic proteins (Egelansdal, 1991). Therefore, the 

transition temperature of myosin is 63°C in masseter compared to 55°C in cutaneous trunci, and 

considering the relationship between myosin denaturation and transverse shrinkage explained 

earlier in the discussion, that explains why transverse shrinkage in masseter has not started yet 

at temperatures <60°C. Using small angle x-ray scattering, Hughes at al. (2019) found the space 

between myosin and actin to be about 22.6 nm in dark high pH muscle (pH 6.15) and 21.3 nm in 

medium ultimate pH muscle (pH 5.52), which is an order of difference we can expect in the 

filament spacing between masseter (high pH muscle) and cutaneous trunci (low pH muscle). 

Purslow et al. (2016) estimated that in this space there is a gap of about 0.4 nm, that will be 

bridged by the denaturation of the myosin head with heating at 40°C-50°C. In cutaneous trunci 

the myosin head has already started denaturing at 55°C, closing the gap between the filaments 

of actin and myosin, whereas in masseter the gap remains hence there is no shrinkage (Figure 

10.3). 

 

Figure 10. 3 Visualization of myosin denaturation difference at 55°C between masseter and cutaneous trunci, 

explaining the difference in transverse shrinkage. This diagram extends from the hypothesis presented in Purslow 

et al. (2016). 
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In Chapter 7 (Vaskoska et al., 2020e), the differences in thermal denaturation between masseter 

and cutaneous trunci were characterized in more details. At temperatures ≤60°C, cutaneous 

trunci showed reduction in α-helix and β-sheet structures and increase in aggregated strands, 

random coil and aromatic side chain structures, while in masseter secondary structures of 

proteins remained at the same level. The reduction in α-helices and unfolding of the protein 

molecules leads to exposure of more hydrophobic parts of the molecules, thereby water is no 

longer bound to the proteins which explains the greater cooking loss of cutaneous trunci 

(Chapter 8 (Vaskoska et al., 2020f)). At the same time, proteins tend to bind to each other though 

disulphide bonds by forming aggregated structures. When meat is cooked at <60°C, there is only 

little movement of extracellular water in masseter as cooking loss, compared to cutaneous trunci 

where there is also movement between the intracellular to the extracellular space (Chapter 8 

(Vaskoska et al., 2020f)). While the thermogram of masseter has been previously reported by 

Egelansdaal et al.(1991) and the lack of cooking loss in masseter has previously been noticed by 

Oillic et al. (2011), this thesis is the first time where a consistent difference between muscles of 

different fibre type is evident in protein, structural changes and cooking loss during cooking with 

all assays being done in comparable cooking conditions (uniform heating rate of 5°C/minute).  

However, based on Chapter 7 and 8 (Vaskoska et al., 2020e,f), it needs to be made clear that the 

difference between the masseter and cutaneous trunci might even change direction at higher 

cooking temperatures. After myosin, collagen and sarcoplasmic protein denaturation was 

completed in whole meat samples of masseter, the cumulative enthalpy of masseter measured 

by DSC exceeded the enthalpy of cutaneous trunci (Chapter 8 (Vaskoska et al., 2020f)). This 

difference is probably due to the higher presence of collagen in masseter (Chapter 8 (Vaskoska 

et al., 2020f)). Consequently, masseter had a greater transverse shrinkage and a tendency to 

have a greater volume shrinkage than cutaneous trunci of its fibre fragments at >75°C, although 

the difference between muscles in the volume shrinkage of the fibre fragments was not 

significant. This explains why in other studies, differences in the thermal denaturation between 

fibres of different fibre types was not found at temperatures higher than 60°C (Astruc et al., 

2012). 

Considering that the study of Stabursvik and Martens (1980) showed that myosin denaturation 

is pH sensitive compared to collagen and actin, the last experimental Chapter 9 (Vaskoska et al., 

2020g) of this thesis addressed the question of whether the difference between masseter and 

cutaneous trunci in their thermal denaturation and shrinkage is due to the different myosin 

isoform or their difference in pH, that can differ by up to 0.9 units (Chapter 8 (Vaskoska et al., 

2020f)). We have found that when we modify pH of sections of masseter and cutaneous trunci 
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cooked to 55°C-65°C, pH dominated effects are evident at 60°C-65°C both in the muscle fibres 

and the IMCT. However, at 55°C the difference in protein denaturation is clearly explained by 

the fibre type, and not by the pH.  

Therefore, Chapters 7, 8 and 9 (Vaskoska et al., 2020e,f,g) provide a firm evidence that fibre type 

is a factor affecting thermal denaturation and shrinkage, and its effect is mostly apparent at 

temperatures where myosin denaturation occurs (50°C-60°C). Interestingly, the differences 

between the response to thermal energy in thermal denaturation of the myosin isoforms I and 

II in masseter and cutaneous trunci respectively, resemble their contractile behaviour in vivo, 

with a greater response in type II fibres compared to type I fibres at <60°C. While contraction in 

vivo is initiated by ATP and leads to shortening, and shrinkage in meat is initiated by thermal 

energy and lead to thinning in the fibres, the type II myosin seems to be responding faster to 

both contraction (Schiaffino & Reggiani, 2011) and heating (this thesis). 
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10.5. Recommendations for future studies 

This thesis has demonstrated the influence of muscle/fibre type, cooking temperature and 

ageing on meat quality, with protein denaturation being an underlying mechanism. However, 

further research is required to establish a more comprehensive picture of contributing factors 

and mechanisms.  

In relation to muscle type, the mechanisms behind the significant differences in cooking loss and 

shrinkage between muscles in Chapter 5 (Vaskoska et al., 2020b) can be further explored by 

examining the relationship between sarcomere length and collagen orientation. The differences 

in protein denaturation, cooking loss and shrinkage found between muscles of different fibre 

type in Chapters 7-9 (Vaskoska et al., 2020e,f,g), can be validated in fibres of different fibre type 

within the same muscle, extending from the work of this thesis and the study of Astruc et al. 

(2012). To confirm the hypothesis that myosin isoforms explained the differences in shrinkage 

between masseter and cutaneous trunci at 55°C (Chapters 7, 8 and 9 (Vaskoska et al., 2020e,f,g)), 

SAXS/WAXS small angle crystallography (Hughes et al., 2019; Irving & Millman, 1989; Knight et 

al., 1993) can be used to measure the myosin-myosin and myosin-actin distances in these 

muscles.  

In relation to cooking temperature, more research is required to better understand why 

denaturation of collagen at 60°C decreased, and denaturation of myofibrillar proteins at 70-80°C 

increased the WBSF (Chapter 5 (Vaskoska et al., 2020b)). As we have found histological insights 

to be very useful in understanding water distribution in meat in Chapter 8 (Vaskoska et al., 

2020f), the mechanism of WBSF can be explored in similar way. Namely the physical basis of 

WBSF measurement shall be considered in understanding fluctuations in the peak force with 

different cooking temperatures, in relation to findings that fibre density might differ on the 

outside and the inside of the meat sample (Offer et al., 1984). The relevance of the thickness of 

the endomysium around muscle fibres on meat tenderness should also be considered (Roy et 

al. 2018), aside of the major role traditionally given to the perimysium. 

Ageing is a common industry approach to improve meat quality. However, inconsistency in 

eating quality of aged meat remains. Although our results suggested the decrease in WBSF and 

decrease in longitudinal shrinkage of aged meat can be partly explained by titin denaturation 

(Chapters 4, 5 and 6 (Vaskoska et al., 2020d,b,c)), further investigation is recommended to 

confirm this hypothesis. The demonstrated role of cathepsins in meat shrinkage found in 

Chapter 6 (Vaskoska et al., 2020c) of this thesis can be further examined by testing the efficacy 

of the inhibitor and by obtaining insights into the protein degradation after cooking using 
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electrophoresis and proteomics. These results, together with knowledge on muscle fibre type 

contribution, would enhance our understanding on how different meat cuts respond to ageing 

and cooking, thus assisting in developing muscle-specific ageing approaches for the meat 

industry and designing cooking recommendations for consumers.  

To assist the development of a predictive tool for meat quality and cooking yield, the model 

using denaturation enthalpy for cooking loss and volume shrinkage provided in Chapter 8 

(Vaskoska et al., 2020f) requires further improvement. The enthalpy can be standardized based 

on sample dry matter and/or protein content and can be extended by including the collagen 

content as a predictor, as well as validating it with isothermal experiments (i.e. sous vide 

cooking). Surface hydrophobicity can also be used as an alternative predictor of cooking loss to 

denaturation enthalpy. Instead of assessing individual heating induced changes (water loss, 

shrinkage and protein denaturation), methods that combine  measurements can be used, e.g. 

simultaneous thermal analysis (measuring both water loss and protein denaturation); and 

second generation harmonization microscopy (measuring both shrinkage and protein 

denaturation) (Brüggemann et al., 2010). These innovative methods could be advantageous at 

establishing direct association between these changes. 
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10.6. Conclusion 

Cooking of beef and pork leads to physical, structural and biochemical changes. Cooking loss of 

beef and pork increased continuously with the increase in temperature in beef and pork, and in 

bovine masseter and cutaneous trunci the cooking loss was modelled as a function of the 

denaturation enthalpy. Cooking loss increased in beef (semitendinosus, biceps femoris and psoas 

major) with 14 days of ageing compared to no ageing, and it reduced with extended ageing of 

15 days in comparison to 3 days ageing in pork (longissimus lumborum) when cooked at 70°C 

and 80°C. Changes in WBSF during cooking were dominated by solubilization of collagen at 60°C-

65°C (bovine semitendinosus, biceps femoris, masseter, cutaneous trunci and porcine 

longissimus lumborum), and by denaturation of myofibrillar proteins at cooking temperatures 

≥70°C. The WBSF of beef was reduced by ageing of 14 days when meat was cooked at 80°C 

(bovine semitendinosus and biceps femoris) and by extended ageing of 15 days compared to 

conventional 3 days ageing in pork cooked at 50°C for 30 minutes (porcine longissimus 

lumborum). The onset of transverse and longitudinal shrinkage overlapped with the major 

denaturation peaks of myosin and actin in beef respectively (masseter and cutaneous trunci). 

Transverse shrinkage was inconsistently affected by ageing period in whole meat and fibre 

fragments from beef, but longitudinal shrinkage was consistently reduced by ageing of 14 days, 

both on whole meat level (biceps femoris and psoas major) and in fibre fragments of beef, as 

well as by prolonged ageing in pork, and this difference was attributed to potential involvement 

of titin in the mechanism of longitudinal shrinkage. The effect of the inhibition of cathepsin 

during heating of fibre fragments from beef (semitendinosus, biceps femoris, psoas major) 

indicated that cathepsins affected proteins involved in the shrinkage process during heating. 

Discrepancy between the extent of shrinkage on a fibre and whole meat level in beef 

(semitendinosus, biceps femoris, psoas major), and histological observations of formation of 

gaps between the endomysium and the fibres (bovine masseter and cutaneous trunci), indicated 

that the IMCT might contribute to the shrinkage processes, while the endomysium does not 

shrink to a same extent as the fibres at high cooking temperatures (shown in masseter and 

cutaneous trunci). Hence, the shrinkage of the muscle fibres is an active process driven by the 

myofibrillar proteins, myosin and actin, and potentially titin. On a whole meat level, collagen 

content was found to be an important determinant of transverse shrinkage and sarcomere 

length of longitudinal shrinkage in beef. The latter effect of the sarcomere length on the 

longitudinal shrinkage was not evident in the muscle fibre fragments, therefore it was related 

to the indirect effect of collagen orientation on the shrinkage of psoas major cuboids. 

Longitudinal shrinkage was found to be a large contributor to cooking loss in beef and pork, and 
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transverse shrinkage was a contributor to WBSF in beef. Overall, transverse shrinkage was 

shown to be driven by myosin denaturation at the fibre level, with potential contributions from 

collagen on whole meat level; and longitudinal shrinkage was related to actin and titin 

denaturation on fibre level with contributions of collagen on whole meat level.  

Fibre type was found to be a factor affecting the cooking loss, structural shrinkage and protein 

denaturation during cooking by comparing masseter (100% fibre type I) and cutaneous trunci 

(93 % fibre type II). Cutaneous trunci had a greater cooking loss than masseter at temperatures 

<80°C and this was shown to be related to the difference in the dynamics of their protein 

denaturation. Cutaneous trunci had a greater transverse shrinkage on a whole meat level at 

temperatures <65°C, and a greater longitudinal and transverse shrinkage on a fibre fragments 

level at temperatures <85°C and at <70°C, respectively. Using DSC, it was found that the higher 

transition temperature of myosin in masseter compared to a usual transition temperature of 

55°C in cutaneous trunci, was responsible for the difference between the muscles in their 

heating- related changes in cooking loss and shrinkage. Using FTIR, the differences in the thermal 

denaturation between cutaneous trunci and masseter, were characterized as greater reduction 

in α-helices and β-sheet structures and a greater formation of aggregated β-strands, random 

coil and aromatic side chains in cutaneous trunci compared to masseter at cooking temperatures 

<65°C. Finally, by manipulating the pH during FTIR and shrinkage studies, it was shown that 

differences in thermal denaturation and structural shrinkage between masseter and cutaneous 

trunci at 55°C are driven by the myosin isoform, rather than the pH. 
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