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Meat and Reformed Meat Products

Siobhan Slayven and Kim Matthews

1	� Muscle Structure 
and Composition

1.1	� Muscle Structure

Mammalian skeletal muscle is made up of 
approximately 90% muscle fibres and 10% con-
nective tissues (Listrat et al., 2016). Connective 
tissues (primarily collagen) can be categorised as 
the epimysium, which surrounds each whole 
muscle; the perimysium, a thinner layer which 
surrounds bundles of muscle fibres; and the endo-
mysium, a very thin layer which surrounds each 
muscle fibre.

Muscle fibres are between 10 and 100 μm in 
diameter and several centimetres in length. The 
size of fibres increases with animal age (Listrat 
et al., 2016) and they can extend the whole length 
of the muscle (Greaser & Pearson, 1999). Muscle 
fibre cells are multinucleated, with the nuclei 
located near the periphery. They include organ-
elles called myofibrils which are the sites of force 
production in the cell. They are not bound by a 
membrane but exist as an insoluble structure in 
the living cell. Myofibrils line up in bundles 
along the length of the muscle fibre and are 
around 1 to 2μm in diameter. There are approxi-

mately 500–1000 myofibrils in a cross section of 
a mature skeletal muscle fibre, making up around 
80% of the cell volume.

Myofibrils have a striated appearance with 
alternating light and dark bands which are caused 
by the actin (thin) and myosin (thick) filaments 
respectively. These are also referred to as the 
I-band and the A-band (Ertbjerg & Puolanne, 
2017). Each I-band is divided into two portions 
by a Z-line, and the unit between each Z-line is 
the sarcomere, responsible for contraction 
(Listrat et al., 2016). The middle of the A-band is 
less dense, where only thick filaments are located, 
and is called the H-zone. In the centre of this is a 
dark line called the M-line which is made up of 
overlapping thick filaments. Across the length of 
the thick filaments, there are outward projections 
which extend toward the thin filaments and are 
known as cross bridges.

The pattern in which these filaments align var-
ies with location. Thin filaments are arranged in a 
square pattern near the Z-lines, but in the I-band 
they appear randomly spaced. Where the fila-
ments overlap in the A-band section, they form a 
hexagonal pattern with each thick filament sur-
rounded by six thin filaments.

The predominant protein present in the thick 
filaments is myosin. Myosin molecules are 
divided into two sections, referred to as the head 
and the rod (Ertbjerg & Puolanne, 2017). The 
myosin molecules catalyse the breakdown of 
adenosine triphosphate (ATP) into adenosine 
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diphosphate (ADP) and provide energy for mus-
cle contraction. Thin filaments are made up of 
actin molecules as well as the additional proteins 
tropomyosin and the troponins T, I and C, which 
regulate muscle contraction. Sarcoplasm is the 
cytoplasm within muscle fibres and contains sol-
uble proteins including enzymes for the glyco-
lytic pathway and myoglobin which carries 
oxygen to the mitochondria and stains cells red. 
The sarcoplasm also contains glycogen, the main 
energy reserve for the muscle cells in addition to 
adipose (Listrat et al., 2016). Adipose (fat) cells, 
found in the perimysium and outside of the epi-
mysium, cluster together and form a pattern 
referred to as ‘marbling’.

1.2	� Muscle Contraction

Muscle contraction is carried out by the thick and 
thin filaments sliding past each other. The heads 
of the myosin bind to actin forming a cross-
bridge and pull the filaments over one another. 
This occurs in a cyclical pattern with the attach-
ment and detachment of these cross-bridges 
causing the sarcomere to shorten in length. This 
change in length in the myofilaments is typically 
less than 0.4% but the degree to which they over-
lap is increased. For contraction to take place, 
ATP and calcium ions need to be present. Myosin 
heads cannot bind to actin unless calcium 
(released by the sarcoplasmic reticulum) make 
the binding sites available. This happens in 
response to a nerve impulse. ATP, produced when 
glucose proteins are used to produce energy, 
allows the myosin head to lock into position, bind 
to the actin and rotate to pull the filament. Another 
ATP molecule then removes the myosin head and 
attaches it to another binding site to keep pulling 
and shortening the muscle.

2	� Rigor Mortis

The post-mortem changes that take place as mus-
cle converts to meat can have a marked impact on 
meat eating quality (Matarneh et  al., 2017). 

Myofibrillar toughness increases early post-
mortem, during the onset of rigor mortis (Garmyn 
et al., 2022). Following exsanguination, the mus-
cles continue to function and anaerobically 
metabolise glycogen, since there is no oxygen-
ated blood circulating. This means that ATP is 
still produced, which, when hydrolysed, converts 
into lactate and hydrogen ions. As there is no 
mechanism to remove these, the pH of the muscle 
lowers and becomes more acidic, from around 7 
to 5.5. In turn, this causes a reduction in the 
water-holding capacity and so calcium is released, 
which encourages the formation of cross-bridges 
between the actin and myosin filaments and 
results in stiffening of the muscle, referred to as 
rigor mortis. The onset of rigor mortis occurs in 
individual muscle fibres at a time rather than the 
whole muscle in one go (Honikel, 2014). It also 
does not occur at the same rate across all muscles 
(Ertbjerg & Puolanne, 2017) nor across different 
species. Complete rigor mortis can take 12–24 
hours in beef, 8–12 hours in lamb, 3–6 hours in 
pigs and 1–4 hours in poultry (Greaser & Pearson, 
1999).

Typically, in Western countries, meat is 
allowed to enter rigor and is further aged before 
consumption. However, in the East, consumers 
generally prefer eating meat which has not yet 
entered rigor mortis (known as hot-fresh or pre-
rigor) as they associate this with an improved 
taste (Ge et  al., 2021). However, Xiao et  al. 
(2020) found that there was no significant differ-
ence in the sensory evaluation of lamb pre- and 
post-rigor but that there were differences in tex-
ture, with pre-rigor muscles having a lower cook 
loss and post-rigor meat being tougher. Li et al. 
(2022) further supports this, reporting that pre-
rigor goat meat had a better water holding capac-
ity and colour, as well as a richer taste when 
analysed by the E-nose and E-tongue.

2.1	� Abnormal Rigor Mortis

Abnormal rigor patterns can occur due to a 
change in the acidification of the muscle, 
caused by pre-slaughter stress. Dark, firm and 
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dry (DFD) meat, or ‘dark cutting’, occurs when 
there are not enough glycogen reserves present 
in the muscle before rigor mortis sets in. This 
means that the muscles do not metabolise 
enough lactic acid to lower the pH sufficiently, 
and the ultimate pH will stay high, at around 6 
(Warriss, 2010). DFD usually occurs after a 
period of chronic stress where the animal has 
not had time to overcome the depletion of 
energy and rebuild its glycogen stores. The 
way in which DFD meat refracts light makes it 
appear darker in colour, and the lattice of mus-
cle fibres gives the meat a firmer texture and 
inhibits moisture loss making it ‘dry’. 
Similarly, pale, soft and exudative (PSE) meat 
also follows an abnormal pH trend following 
slaughter. This is more typically seen in pork 
and can follow a period of acute stress (usually 
within 1 hour prior to slaughter) such as heat 
stress (Gonzalez-Rivas et al., 2020). The rapid 
fall in pH while the temperature is still high 
directly denatures proteins, and there may also 
be some effect of protein oxidation (Barbut 
et  al., 2008). Although described as soft, this 
relates to the raw product and, where differ-
ences are observed, the cooked meat is gener-
ally tougher. PSE meat is lighter in colour and 
the arrangement of fibres means that more fluid 
exudes from the meat.

Other abnormal rigor patterns can occur due 
to intervention in post-slaughter treatments, for 
example thaw rigor. This is where muscles are 
frozen pre-rigor and, upon thawing, there is a 
release of calcium ions which encourage the 
muscle to contract (Ertbjerg & Puolanne, 2017). 
As the muscle freezes, ice crystals grow and pen-
etrate the sarcoplasmic reticulum, which, once 
thawed, provides a rapid surge of calcium ions 
into the sarcoplasm, faster than the calcium 
pumps can remove them. Consequently, there is 
an increase in drip loss and toughness. The tough-
ening of muscles following thaw rigor is much 
more harsh than that which occurs from cold 
shortening, which progresses much more slowly 
(Ertbjerg & Puolanne, 2017). Slower thawing can 
prevent this contraction taking place, but it can be 
eliminated by freezing meat only after it has 
entered full rigor.

3	� Influence of Live Animal 
Factors

Both pre- and post-slaughter factors can affect 
the sensory properties of meat. When considering 
texture, however, pre-slaughter treatments gener-
ally have a less significant impact than those 
post-slaughter.

3.1	� Effects of Breed and Genetics

Generally, breed has a relatively small effect on 
tenderness in any species; however, there is 
within-breed variation in meat texture as evi-
denced by the growing inclusion of texture traits 
in genetic evaluations.

In cattle, the most important effect of geno-
type on eating quality is the toughness observed 
in beef from cattle of Bos indicus (Zebu or 
Brahmin) breeding (Gazzola et al., 1999; Harper, 
1999; Wheeler et  al., 2010). This may be the 
result of greater stability of the proteinase inhibi-
tor calpastatin (Whipple et al., 1990).

Among the Bos taurus breeds, results have not 
been consistent across studies and many show 
little or no effect, but taken overall, there are 
small tenderness advantages for Aberdeen Angus 
and Hereford (Sinclair et al., 2001; Tatum, 2006) 
which tend to be earlier maturing with more 
intramuscular fat. On the other hand, cattle sired 
by a Belgian Blue, a very lean highly muscled 
breed, have also produced higher tenderness 
scores than other breeds (Homer et  al., 1997; 
Groth et al., 1999).

Although Dransfield et  al. (1979) concluded 
that breed does not have any effect upon the ten-
derness of lamb, there is some evidence that hill 
breeds have more tender meat, and the selection 
for more heavily muscled sheep can reduce ten-
derness (Álvarez et al., 2022). Studies on lambs 
expressing the Callipyge gene have shown the 
loin to be significantly less tender than lambs 
without this gene (Koohmaraie et al., 1996). The 
leg is generally unaffected when roasted, but it 
can also be tougher when grilled as steaks 
(Shackelford et  al., 1997) but not in every case 
(Goodson et al., 2001).

Meat and Reformed Meat Products



314

Studies with pig meat from the Hampshire and 
Duroc breeds (Hiner et al., 1965) and the Swedish 
Landrace and Yorkshire breeds (Malmfors & 
Nilsson, 1978) suggest that breed differences 
should be taken into account in evaluation of tex-
ture in pork, with breeds which have been less 
intensively bred for production traits being more 
tender (and having higher proportions of red 
muscle fibres (Maltin et al. (1997)). Furthermore, 
genetic selection of Duroc pigs for lean muscle 
growth removes the eating quality advantage, 
with a corresponding shift in muscle fibre type 
(Lonergan et al., 2001).

3.2	� Effects of Fatness

Higher levels of intramuscular fat are associated 
with improved tenderness (Buchter, 1986; 
Dikeman, 1987). While this is used in major 
grading schemes (such as USDA beef grading), 
there is considerable overlap between grades and 
the relationship between fatness and tenderness 
is low according to Campion et al. (1975). Low 
levels of intramuscular fat are generally associ-
ated with low external fat cover, and in some 
cases, a strong relationship found between intra-
muscular fat and tenderness may be a result of 
the insulating effect of the external fat, prevent-
ing cold shortening. This was nicely demon-
strated in lamb by Smith et al. (1976).

3.3	� Influence of Sex

Two extensive reviews (Purchas, 1991; Chrystall, 
1994) summarised the effects of sex upon tender-
ness. Researchers have reported that young bulls 
cannot be marketed with the same confidence as 
steers with the same ages. Meat from bulls is gen-
erally thought to be tougher than that from steers; 
however, this is not always found. Sinclair et al. 
(1998) and Fisher et  al. (2001) observed that 
bulls from a suckler herd had increased tender-
ness when compared to randomly selected steers 
or weaned animals, respectively.

Sex differences for texture between castrates 
and intact male pigs are relatively small, but these 

comparisons have not been studied as extensively 
as in beef (Dransfield, 1994). Overall, it can be 
concluded that, when slaughtered before 12 
months of age, ram (uncastrated male), ewe and 
wether (castrated male) lambs result in meat with 
similar tenderness. Beyond 12 months there may 
be a disadvantage to ram lambs (Álvarez et al., 
2022).

3.4	� Effect of Animal Age 
and the Role of Connective 
Tissue

There is clearly an effect of age on tenderness 
(see the review by Harper (1999)). Prost et  al. 
(1975a, b) examined the tenderness of different 
muscles from cattle of different ages. Generally, 
animals of 2–5 years of age resulted in tougher 
meat than those of 1.5–2 years of age. The Psoas 
major (fillet) did not differ in tenderness and the 
Quadriceps femoris (thick flank) was not signifi-
cantly different.

It is difficult to separate the effects of age, 
weight and season in lambs. Generally speaking, 
older/heavier lambs are tougher (Álvarez et  al., 
2022). In particular, spring born lambs slaugh-
tered in the autumn/winter are likely to be tougher 
than those slaughtered in the summer.

The association between increasing age and 
decreasing tenderness does not seem to be related 
to an increase in the total presence of connective 
tissue, but rather an increase in the proportion of 
heat-stable collagen cross-links (Robins et  al., 
1973) associated with a decrease in collagen sol-
ubility (Gerrard et  al., 1987). These heat-stable 
cross-links are resistant to cooking, thus making 
the meat tougher (Bailey & Light, 1989).

3.5	� Influence of Growth Rate 
and Plane of Nutrition

Sub-optimal growth rate and nutritional stress 
increase toughness. Within feedlot systems, fin-
ishing cattle on high energy rations (associated 
with higher growth rate) is found to increase ten-
derness. This may be a consequence of variable 
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enzyme activity at the time of slaughter (Aberle 
et  al., 1981), or greater collagen solubility 
(Rompala & Jones, 1984). The effect is not seen 
across all muscles, mainly benefitting the 
Longissimus dorsi (striploin) (Archile-Contreras 
et al., 2010).

Others have found that there is a positive 
effect of growth rate on tenderness within a group 
of cattle (Perry et al., 2002; Perry & Thompson, 
2005) but did not account for differences between 
groups. This suggests that reducing variation in 
growth rate within a group might be an important 
means of reducing tenderness variation, whereas 
manipulation of growth paths is not guaranteed to 
enhance tenderness. Oury et al. (2007), however, 
found that those commercial production systems 
with the highest plane of nutrition (and younger 
animals at slaughter) resulted in the most tender 
meat.

Nutritional stress followed by compensatory 
growth does not have any adverse effects on meat 
quality, including tenderness (Hogg et al., 1991).

3.6	� Stress Conditions and Pre-
slaughter Handling

In addition to the specific muscle quality ‘defects’ 
related to stress-induced pH changes (as dis-
cussed in Sect. 3.2), there is increasing evidence 
that stress prior to slaughter can result in tougher 
meat per se (Ferguson & Warner, 2008; Sierra 
et  al., 2021). This may be the result of protein 
oxidation influencing the activity of enzymes 
post-slaughter.

There is also evidence that animals with ner-
vous behaviours prior to slaughter result in 
tougher meat (Gruber et  al., 2010), although 
selection for temperament does not result in more 
tender meat.

4	� Effects of Stunning 
and Slaughter

Slaughter can be defined as the killing of animals 
for food, and it is usually instigated or followed 
by exsanguination (also known as sticking or 

bleeding) which refers to draining the carcase of 
blood. Prior to slaughter, animals may undergo a 
procedure to render them unconscious and ensure 
they do not feel any pain from slaughter; this is 
referred to as stunning. ‘Simple’ stunning causes 
a temporary effect of senselessness which must 
be followed by a procedure to kill the animal, but 
in some cases, stunning is irreversible and the 
main cause of death. Stunning can also make it 
safer for the operative to approach the animal to 
carry out the bleeding procedure. Stunning meth-
ods used include the following:

•	 Electrical head-only or head-to-back tongs 
(lamb, pigs)

•	 Electric water bath (poultry)
•	 Electric stun box with programmed electrical 

inputs to result in stunning, cardiac arrest (also 
available without) and immobilisation (cattle)

•	 Penetrative or non-penetrative captive bolt 
(cattle, lamb)

•	 Gas (CO2) (irreversible) (poultry, pigs)

Depending on the electrical parameters used, 
electric water baths may induce cardiac arrest 
and result in death of the animal. Penetrative cap-
tive bolt delivers a cartridge shot to the brain 
which makes recovery difficult.

The process of slaughter itself, as described 
above, is understood to not have an impact on 
meat quality. There is, however, some effect of 
stunning method on the carcase and meat quality. 
Channon et  al. (2003) reported that fewer meat 
quality defects were seen when using CO2 rather 
than electrical stunning with tongs (head only 
and head-to-back positioning). Blood splash (the 
rupture of blood capillaries) is also thought to 
have some correlation to stunning method. 
Gregory (2005) explains that generalised body 
contractions which can arise from electrical stun-
ning can cause severe external pressure on the 
venous and arterial systems which could cause 
them to rupture.

During religious slaughter practices such as 
those for the Islamic and Jewish  communities, 
slaughter is often carried out without prior stun-
ning. These procedures are based on rules laid 
down in the Holy Quran and the Torah, for Halal 
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and shechita slaughter, respectively. In some 
instances, Muslim authorities may allow the use 
of reversible pre-slaughter stunning; however, the 
Jewish community do not (Fuseini et al., 2016). 
As animal welfare is still of paramount impor-
tance during religious slaughter, scriptures stipu-
late procedures which must be followed to ensure 
minimal distress to the animal. For example, the 
knife used to make the neck cut during Halal 
slaughter must be sharp, and slaughter must be 
carried out with one single movement of the knife 
(Fuseini et  al., 2016). The effect of religious 
slaughter on carcase and meat quality has been 
widely researched and findings debated. Some 
findings show that the meat from cattle slaugh-
tered without pre-stunning exhibit a higher ulti-
mate pH (Zurek et  al., 2021; Barrasso et  al., 
2022) which may impact the texture, colour and 
processing capabilities of the meat.

5	� Effects of Post-slaughter 
Treatments

5.1	� Chilling

Carcases should be kept in an environment which 
has a stable temperature and humidity to help 
reduce any microbial load from growing (Hussain 
et al., 2021), which not only deteriorates the meat 
but also poses risk of foodborne diseases (Ren 
et al., 2022). Cooling rates vary across different 
muscles within a carcase (Hannula & Puolanne, 
2004) as well as across different species. Sheep, 
for example, cool quicker than cattle as they are 
smaller and have a thinner layer of subcutaneous 
fat (Kannan et al., 2014). The same can be seen 
within species, whereby animals with less fat 
cover cool more quickly. Key parameters need to 
be met for optimal chilling, particularly making 
sure that there is a good air flow within the chiller 
and adequate space around carcases to reduce 
their temperature efficiently.

An important consideration for chilling is the 
rate at which the pH lowers. It is widely accepted 
that a beef carcase should not reach 10 °C until 
the pH has lowered to around 6.1 which takes 
around 10 hours (Warriss, 2010). This is to avoid 

any adverse effects, primarily cold shortening, 
which has been well researched since the 1960s, 
initially by Locker and Hagyard (1963). This is 
known as the pH temperature window. Once the 
pH has fallen below 6.0, the tendency for cold 
shortening is reduced (Ertbjerg & Puolanne, 
2017).

Vieira and Fernández (2014) explored three 
different speeds to assess the impact on the ten-
derness of lamb Longissimus thoracis et lumbo-
rum. They found that a slow chilling regime 
(carcases held at 12 °C for 7 hours and then 2 °C 
for 24 hours) gave the highest level of tenderness 
when compared with a conventional chill (2 °C 
for 24 hours) or an ‘ultra fast’ chill (−20 °C for 
3.5 hours followed by 2  °C for 24 hours). 
Unsurprisingly, there was a noticeably shorter 
sarcomere length following ultra fast chilling.

5.2	� Electrical Stimulation

Electrical stimulation is used to help reduce the 
variability in meat quality between carcases and 
aims to prevent cold shortening, which can 
decrease tenderness. The stimulation of muscles 
increases the rate at which the pH falls post-
slaughter and accelerates the onset of rigor mor-
tis, enabling the carcases to be moved through 
processing quicker. This is useful in commercial 
plants as carcases are often rapidly chilled and, 
without the use of electrical stimulation, cold 
shortening could occur. As well as preventing 
toughening through cold shortening, electrical 
stimulation may also increase tenderness through 
proteolysis, the modification of muscle structure 
and stretching of the sarcomere (Mikołajczak 
et al., 2019; Kaur et al., 2021). Further to this, a 
quicker chill rate following electrical stimulation 
also leads to a less favourable environment for 
microorganisms’ growth and so an improved 
shelf life can also be seen (Hussain et al., 2021).

Traditionally, electrical stimulation has been 
delivered by low and high voltages, typically to 
carcases as a whole. Low voltage is considered 
up to 100  V and applied within 5 minutes of 
exsanguination, whereas high voltage is over 
500V and applied up to 60 minutes post-slaughter 
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(Warriss, 2010). Pearce et  al. (2009) discussed 
the use of medium voltage stimulation whereby 
the current remains constant and only one car-
case is presented at a time, allowing the voltage 
to vary (peaking at 300V). Maintaining a con-
stant frequency of 15Hz saw a higher number of 
carcases reaching the required pH temperature 
window and higher levels of tenderness achieved.

5.3	� Carcase Suspension Methods

In most commercial processing plants, carcases 
are suspended from the Achilles tendon, which 
extends the hind leg and puts a slight backward 
bend into the spine. Although this method can 
work well for carcase processing, the more 
expensive cuts of meat (in the hind quarters) have 
a greater opportunity to shorten and therefore a 
higher chance of being impacted by cold shorten-
ing should the correct pH-temperature window 
not be reached (Pogorzelski et  al., 2022). This 
can be particularly important with beef carcases 
due to the size and economic impact of these 
muscles.

Suspending carcases by the hip/pelvis using 
the aitch-bone allows the muscles in the hind leg 
and along the back to be stretched during the 
rigor mortis period, which can help to increase 
the tenderness and reduce the likelihood of cold 
shortening occurring in these muscles (Ertbjerg 
& Puolanne, 2017). In this position, the tender-
ness of these muscles can be improved by up to 
40% (Pogorzelski et al., 2022). Ahnström et al. 
(2012) also found that hip suspending beef car-
cases helped to reduce the length of ageing by 7 
days with lower shear force values reported. Nian 
et al. (2018) saw similar results with the tender-
ness of beef carcases ‘accelerated’ when using 
hip suspension. If carcases are suspended for a 
period of time for ageing, it is also thought that 
hip suspension would be beneficial to increasing 
tenderness since the muscles are not so tightly 
contracted and there is less overlap of the actin 
and myosin filaments and, therefore, more avail-
ability for proteolytic enzymatic activity 
(Kamatara et al., 2014).

Despite the widely reported advantages to 
meat quality following hip suspension, there are 
limitations to its practical application. The shape 
of the hind quarter muscles changes and so labour 
and butchery changes need to be accounted for. 
The overall change of carcase shape may also 
mean that chiller and storage space is compro-
mised. Nevertheless, it is used commercially in 
countries across the world, particularly for beef 
(Pogorzelski et al., 2022).

5.4	� Ageing

Following rigor mortis, naturally occurring pro-
teolytic enzymes break down the structure of 
meat resulting in an increase in tenderness 
(Kannan et  al., 2014). This is seen to rapidly 
occur between 3 and 7 days in beef (Kim et al., 
2018) and can continue up until 28 days post-
slaughter. The early tenderisation is mostly due 
to calpain proteases breaking down the myofi-
brils and, following this, the intramuscular con-
nective tissues weaken (Kannan et  al., 2014). 
Research also supports the effectiveness of sev-
eral other enzymes in post-mortem protein degra-
dation (Ertbjerg & Puolanne, 2017), such as 
caspases. Although ageing may have some 
impact on lessening the extensive toughness of 
cold shortening, it is thought that this is limited as 
the actin and myosin filaments tightly overlap, 
reducing the availability of proteolytic suscepti-
ble sites (Kim et al., 2018). As well as tenderness, 
the flavour profile of aged meat can change. 
Proteolysis and lipolysis break down flavourless 
molecules into smaller fragments which increases 
the amount of free amino acids (Terjung et  al., 
2021). Free amino acids are key in the flavour 
development of meat which occurs during bio-
chemical reactions upon cooking (Zhang et  al., 
2022).

During ageing, whole carcases or smaller spe-
cific cuts (such as ribeye) are stored in controlled 
refrigerated conditions; air circulation and rela-
tive humidity are key for reducing microbial 
growth during this time. Ageing is typically car-
ried out in one of two ways: wet-ageing or dry-
ageing. Through wet-ageing, meat is sealed in a 
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vacuum bag and ageing is carried out anaerobi-
cally. This method does not result in too much 
yield loss (through evaporation or trimming) and 
is practical for the industry (Zhang et al., 2022). 
Dry-ageing is carried out aerobically with meat 
left open to the environment. This creates a 
unique flavour profile (Kim et al., 2018) which is 
considered a premium, with flavours being 
described as buttery, beefy and nutty (Zhang 
et al., 2022). As there are higher losses in yield, 
from evaporation and trimming the external dis-
coloured edges, there is often a premium price 
attached to dry-aged meat. Upon review of dry- 
and wet-aged beef, Terjung et al. (2021) explain 
that the tenderness is similar. Semi-permeable 
dry-ageing bags have been seen to reduce the 
yield loss in comparison to dry-ageing and also 
improve the flavour profile when compared to 
wet-ageing (Dashdorj et al., 2016).

6	� Effects of Processing

6.1	� Hot-Boning

Removing muscles or sections of meat from the 
carcase before it has been chilled is referred to as 
hot-boning. This typically happens around 1 hour 
post-slaughter (Jose et al., 2020) and before the 
carcase enters complete rigor mortis. Different 
muscles cool and enter rigor at different rates and 
so there is variation in the effects of hot-boning 
on texture and quality across different muscles. 
Processing meat in this way can increase the 
overall yield (due to lower drip losses) as well as 
save on chiller space in the processing plant. 
However, due to the shortening of the sarcomere 
length, meat may increase in toughness and 
become darker in colour, though this is not seen 
across all studies and species. Ithurralde et  al. 
(2020) found that hot boning had no impact on 
the colour of sheep meat. Due to the potential 
downgrading of quality, hot-boned meat may be 
used for lower value cuts or meat which is used 
for ground meat products (Jose et al., 2020). The 
use of electrical stimulation can impact the rate 
of glycolysis and the subsequent decline of pH 
within muscles and can therefore improve the 

tenderness of hot-boned muscles (Balan et  al., 
2020).

6.2	� Use of Proteolytic Enzymes

Prime cuts often make up a small percentage of a 
carcase and the remaining cuts may not be 
favoured for their lack of tenderness. Given the 
importance of tenderness in eating quality accept-
ability, mechanisms for improving tenderness 
can be of great economic importance. Tenderness 
is often a result of the enzymatic breakdown of 
muscle fibres which happens, to an extent, natu-
rally (see Sect. 5.4). The addition of enzymes 
through mechanical methods, such as dipping 
meat into a solution or injecting a solution 
directly into the meat, can also help to break 
down fibres in a similar way and improve tender-
ness (Gerelt et  al., 2000). Research has also 
shown that the use of proteolytic enzymes can 
also overcome the toughening effects of cold 
shortening (Rhodes & Dransfield, 1973), though 
this was seen through injection of papain pre-
slaughter. Some common exogenous proteases 
are retrieved from plants such as bromelain (pine-
apple), papain (papaya), ficin (fig), actinidin 
(kiwi) and zingibain (ginger). Although success-
ful in tenderising meat, bromelain and papain 
may sometimes give a mushy texture and ‘off’ 
flavours (Behkit et al., 2014). The use of actinidin 
and zinigain have gained more interest in recent 
years as they have a more mild effect and less 
detrimental impact on the eating quality than bro-
melain and papain (Warner et  al., 2022). Han 
et al. (2009) saw that actinidin could contribute 
‘efficiently and effectively’ to meat tenderisation 
when looking specifically at lamb Longissmus 
dorsi. However, Ramil et  al. (2021) found that 
bromelain from pineapple and jackfruit by-
products, used at different concentration combi-
nations, could improve beef tenderisation without 
impacting quality parameters such as texture and 
sensory attributes.
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6.3	� High-Pressure Treatment

In the context of meat processing, hydrostatic 
pressure is the pressure applied to a product when 
it is contained within a liquid pressurised in an 
enclosed container. Interest in high hydrostatic 
pressure (HHP) treatment of food originally 
developed because of its potential in preserva-
tion. Nevertheless, HHP has some important 
effects on meat texture, through the rupture and 
reformation of molecular bonds within and 
between protein molecules, resulting in protein 
denaturation, aggregation or gelation (Sun & 
Holley, 2010). This can lead to meat being tough-
ened or tenderised depending on the duration of 
treatment and its interaction with other process-
ing conditions (e.g. heat treatment). These effects 
can be used to enhance properties of conventional 
products or create new textured products, 
although the most consistent effects are seen in 
pre-rigor meat.

6.4	� Curing

Meat curing may be defined as the addition of 
salt to meats for the purpose of preservation 
(Martin, 2012). Often this also includes the use of 
nitrates or nitrites to enhance preservation and 
provide a distinctive colour and flavour. The 
addition of curing salts without water (dry cur-
ing) results in changes to meat texture associated 
with a loss of water from the muscle (such as 
Parma ham) producing a unique mouthfeel 
depending on the curing conditions and resulting 
moisture content. Many of these products have a 
low moisture content and are designed to be eaten 
without cooking. The use of salts in solution gen-
erally results in an increased water content and an 
increase in tenderness, for example, in gammon 
or cooked hams.

7	� Reformed Meat Products

Meat products vary in texture for several reasons: 
the extent to which comminution (mincing) has 
been carried out, their ingredients and the forma-

tion of structural matrices, usually from the pro-
teinaceous components of meat. Fat is important 
for the quality of meat products because of its 
ability to impart specific characteristics 
(Goutefongea & Dumont, 1990) and, alongside 
water, the provision of juiciness and tenderness 
(Rust, 1987).

7.1	� The Texture of Coarse-Ground 
Meat Products

In coarse-ground meat products, the microscopic 
structure of the muscle tissue is retained, so the 
inherent texture of the muscle will contribute to 
overall product texture, and the fat is retained in 
fat cells or clumps of cells. These have a texture 
which is described as crumbly. During product 
manufacture, the texture of the overall product is 
largely determined by the processing conditions 
and the ingredients used.

7.1.1	� Effect of Processing Conditions 
on the Texture of Coarse-
Ground Meat Products

Various changes to processing affect meat patty 
properties. More tender (softer) patties can be 
produced by:

•	 Reducing the particle size (Roth et al., 1999)
•	 Using hot-boned beef (Williams et al., 1994)
•	 Adjusting freezing conditions (Berry, 1993)

If water is added, increasing the grind size has 
also been shown to improve the cooking charac-
teristics (Hoogenkamp, 1991). Increasing the 
temperature during comminution of British sau-
sages results in increased cooking losses but a 
softer texture (Brown & Ledward, 1987).

7.1.2	� Effect of Composition 
on the Texture of Coarse-
Ground Meat Products

Reducing the fat content of meat patties and sau-
sages and replacing with lean meat generally 
reduce their tenderness, juiciness and overall 
acceptability and increase mealiness and 
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cohesiveness (Cross et  al., 1980; Kregel et  al., 
1986; Troutt et al., 1992; Wong & Maga, 1995).

Added water increases the tenderness and 
juiciness of meat patties and coarse ground sau-
sages (Nakai et al., 1976; Miller et al., 1993) and 
can generally be used to enhance the texture of 
low-fat versions, to the extent that an equivalent 
or better product can be produced (Frederick 
et al., 1994). Given the right ionic conditions, the 
meat protein acts to take up water by swelling to 
a gel (Hedrick et al., 1994).

A huge variety of ingredients have been tested 
for their effect on product eating quality and tex-
ture. Often these are used to help hold water in 
the product to provide a softening effect (e.g. 
when fat content is reduced). Many of these are 
effective and ingredient selection is dependent on 
the product, consumer expectations and non-
technical factors (such as legislative require-
ments, price and availability). Some are included 
to enhance the nutritional properties, such as 
added fibre (Younis et al., 2022).

Changing the type of fat used as an ingredient, 
can have an effect on texture. Use of a softer fat 
has a softening effect, e.g. the use of pork instead 
of beef fat to soften patties whilst at the same fat 
content (Parizek et al., 1981).

7.2	� Structure of Finely 
Comminuted Meat Products

Finely comminuted meat products are more 
properly described as batters or pastes, but are 
often referred to as emulsions (Ugalde-Benítez, 
2012). The most well-known and researched sau-
sage of this type is the frankfurter, a cured emul-
sion sausage usually prepared with beef and/or 
pork lean and pork fat with water, seasonings and 
curing agents. It can, however, be made with 
meat of any species. The meat content may 
include mechanically separated or ‘reclaimed’ 
meat. Other examples include bologna and wie-
ner (sliceable emulsion products) and 
knackwurst.

Both the physical entrapment of fat within a 
protein gel and the emulsification of fat, by coat-
ing of droplets with protein, seem important 

(Barbut, 1995), as does the gelation of salt-
soluble proteins on cooking (Comer, 1979). The 
‘liquid’ phase of the emulsion consists of a fine 
protein matrix, usually formed by actin and myo-
sin from the contractile muscle tissue and supple-
mented by collagen and added proteinaceous 
ingredients (such as egg or whey protein). Within 
this matrix, tiny pores and capillaries entrap 
added water and fat. The protein within the emul-
sion forms structural associations such as protein-
protein, protein-water and protein-fat interactions. 
These are responsible for the swelling, gelation 
and emulsification of meat batters (Schmidt, 
1987; Hoogenkamp, 1995).

During processing, ingredients are chopped 
together to produce an evenly mixed smooth 
paste prior to cooking. The fat disintegrates in 
two stages. Initially the fatty tissue disintegrates 
into natural fat cells. The result of the second 
stage depends on the hardness of the original fat. 
If the fat is soft then it results in the production of 
homogeneously divided particles, each sur-
rounded by a protein membrane. If the fat is hard, 
then coalescence can occur resulting in separa-
tion of the fat (‘rendering out’). This can also 
occur if the myosin:collagen ratio is too low; fat 
particles coated in collagen rupture on heating, 
resulting in loss of fat (Pearson & Tauber, 1984). 
Alleviating this problem is generally achieved by 
reducing the fat particle size which can be 
brought about by modifying the processing con-
ditions (Ackerman et al., 1971; Lee et al., 1981).

7.2.1	� Effect of Processing Conditions 
on the Texture of Finely 
Comminuted Meat Products

The processing conditions are key in determining 
the texture of emulsion-type meat products. 
Reducing the chopping time softens the product 
but reduces overall liking (Lee et  al., 1987). 
Conversely, over-chopping gives rise to a firmer 
texture due to more protein extraction (Sutton 
et al., 1995). The optimum chopping time is rec-
ipe dependant, with rigid gel formation occurring 
at a higher chopping temperature in higher fat 
batters (Barbut & Mittal, 1989). The final tem-
perature produced by chopping affects product 
texture and emulsion stability (Hensley et  al., 
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1993; Sutton et  al., 1993; Jiménez Colmenero 
et al., 1996).

The order of addition of the ingredients to the 
batter is also a determinant of final product tex-
ture, for example massaging the lean with the 
added water before adding the fat has resulted in 
a firmer product (Sylvia et al., 1994).

Other manipulations of the processing condi-
tions that have been shown to modify the product 
texture include the following:

•	 Subjecting meat batters to hyperbaric pressure 
(1000–2000 bar) which increases firmness of 
meat batters (Mandava et al., 1984).

•	 Cooking at a high relative humidity that results 
in softer frankfurters (Simon et al., 1965).

•	 Higher final cooking temperatures resulting in 
a harder, more brittle frank. The minima for 
cohesiveness and elasticity occur at around 
70–75 °C (Singh et al., 1985).

•	 Increasing particle size (by varying mincing 
plates) to increase hardness of batter products 
(Small et al., 1995).

7.2.2	� Effect of Composition 
on the Texture of Finely 
Comminuted Meat Products

Salt concentration needs to be optimised for each 
recipe as it is important for the extraction of myo-
fibrillar proteins in the formation of emulsions 
which has an influence on product texture. 
Reducing the concentration will result in reduced 
hardness or firmness (Matulis et  al., 1995). If 
lower salt concentrations are required for opti-
mum flavour, then protein extraction may become 
a problem. This could be resolved by adding all 
the salt to the lean meat, to achieve extraction 
before the other ingredients are added (Jantawat 
& Carpenter, 1989).

As with patties, reducing the fat content and 
replacing with lean results in a tougher, drier, less 
acceptable product with little or no change in fla-
vour (Hand et al., 1987; El-Magali et al., 1995). It 
is not the type of fat but simply its presence that 
is primarily important in frankfurter texture 
(Mandigo & Eilert, 1993). Indeed vegetable fats 
can be used with little or no effect on product tex-
ture (Marquez et  al., 1989; Christensen & 

Zeuthen, 1994). Increased levels of fat result in a 
more diffuse gel which is therefore weaker and so 
contributes to the softness and juiciness of emul-
sion type sausages.

The addition of water to products (at rates up 
to 30% of the formulation) has been found to 
have similar effects on texture to that of fat (Claus 
& Hunt, 1991; Hensley & Hand, 1995). The 
product becomes softer and more juicy. Water 
cannot, however, be exchanged for fat on a one 
for one basis. The effect of water seems to be 
more extreme than fat due to greater disruption of 
the protein matrix (Gregg et al., 1993; Hensley & 
Hand, 1995).

Non-meat proteins can be used to strengthen 
the protein matrix of low-fat emulsion-type sau-
sages, to give a firmer texture (Ensor et al., 1987). 
Successful results have been achieved with whey 
protein concentrate, calcium reduced non-fat dry 
milk and soy protein isolate (Sofas & Allen, 
1977; Decker et  al., 1986; Ensor et  al., 1987; 
Yang et  al., 1995). On the other hand, low-
binding meats such as heart or mechanically sep-
arated poultry meat can be used to soften the 
texture (Rongey & Bratzler, 1966).

The acceptability of product texture can be 
subjective, yet there are optimum textural attri-
butes which must be determined for each indi-
vidual product, with its target consumer in mind 
(Carballo et al., 1995).

8	� Measurement of Texture 
in Meat and Meat Products

8.1	� Sensory Methods

Sensory attributes can be measured using objec-
tive (instrument or trained taste panel) or subjec-
tive (consumer taste panel) methods. Trained 
taste panels can identify a range of characteristics 
based on requirements. Panels first work together 
to discuss definitions of traits such as ‘tender-
ness’, as this can have a different meaning to dif-
ferent people (Warner et al., 2021). Once decided, 
samples are cooked and prepared away from the 
panel so as not to influence their senses, and they 
judge each in a blind trial.
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The method for sensory assessment of 
reformed meat products is similar to that used for 
whole cuts, evaluating aspects such as tender-
ness, juiciness and flavour. To further define dif-
ferences in product attributes, sensory profiling 
has been used. In most cases, this involves panel-
ling with scores being given for a wider range of 
attributes, pre-determined by the experimenter. 
In some cases, free choice profiling is used with 
panellists nominating the attributes needed to 
fully describe the product and a short list being 
drawn up by consensus.

Szczesniak (1963) proposed a terminology 
and definitions, which would allow sensory pro-
filing and instrumental assessment to be directly 
comparable. This is described in Sect. 8.3 on 
methods to assess the textural properties of meat 
products.

8.2	� Instrumental Assessment 
of Meat Cuts

An early developed method for instrumentally 
assessing meat texture is the Warner-Bratzler 
shear force test; K.F.  Warner and associates 
established the idea of shearing a cooked sample 
of meat as an indication of tenderness, and 
L.J.  Bratzler outlined the specifics of the blade 
and cutting speed. This is still one of the most 
widely used tests today due to its repeatability 
and correlation with consumer sensory ratings 
(Silva et  al., 2015). One of the most important 
factors to consider when carrying out shear force 
work is the orientation of the muscle fibres within 
the cores to be sampled (Wheeler et al., 1997). It 
is key to ensure that the fibres run perpendicular 
to the blade so that the maximum force can be 
measured. Silva et al. (2015) explored the effec-
tiveness of using cuboidal/square cores as 
opposed to the traditionally used round cores. 
The experiment showed that square cores give 
more accurate and sensitive results which are 
more like the differences seen between steaks 
which are judged by a taste panel. This work sup-
ported the findings of a smaller study earlier per-
formed by Thiel et  al. (1997). Holman et  al. 
(2015) found that six cuboidal cores is the mini-

mum number required to attain reliable results 
whilst still allowing trials to be repeatable; any 
more than this only saw negligible improvements 
in error.

Secondary to the fibre direction, the cooking 
method can have a significant impact on the 
results of shear force and standardised protocols 
can reduce variability and improve the repeat-
ability. Methods of direct heat source, such as 
griddle plate, tend to cook beef samples quicker 
and give lower shear force values compared to 
oven cooking with low humidity and high tem-
peratures (Fabre et al., 2018).

8.3	� Assessment Methods Used 
for the Textural Properties 
of Meat Products

The most important factor in comparing meat 
products with altered formulations or processing 
conditions is acceptability to the consumer. 
However, because the textural properties of meat 
products are difficult to define, their assessment 
is quite complicated and a large number of meth-
ods have been used (Schreuders et al., 2021).

Szczesniak (1963) proposed the following ter-
minology and definitions, which corresponds to 
the most common usage. Many researchers, how-
ever, use their own terms, often without defining 
them.

Hardness The force required to give a certain 
deformation.

Cohesiveness The strength of the internal bonds 
making up the body of the product.

Viscosity The rate of flow per unit force (not 
relevant to cooked meat products).

Elasticity The rate at which a deformed material 
goes back to its undeformed condition 
after the deforming force is removed.

Adhesiveness The work necessary to overcome the 
attractive forces between the surface 
of the food and the surface of other 
materials with which the food comes 
in contact.

Brittleness The force with which the material 
fractures. It is related to hardness and 
cohesiveness. In brittle materials, 
cohesiveness is low and hardness can 
vary from low to high.
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Chewiness The energy required to masticate a 
solid food product to a state ready for 
swallowing. It is related to the 
parameters of hardness, cohesiveness 
and elasticity (the second definition of 
chewiness given under the mechanical 
assessment of attributes below).

Gumminess The energy required to disintegrate a 
semisolid food product to a state 
ready for swallowing. It is related to 
the parameters of hardness and 
cohesiveness.

Various mechanical measurements are used to 
quantify product texture. Essentially, these are 
either compression or punch methods. 
Compression equipment uses a flat plunger to 
push into the product to a fixed proportion (usu-
ally 75–80%) of its original height twice. The 
parameters are taken from a force/time curve as 
follows (Friedman et  al., 1963; Bourne, 1978; 
Beilken et al., 1990; Xiong et al., 1995):

Fracturabilitya 
or brittleness

The force at the first significant 
break in the curve (may not always 
occur before peak force).

Fracturabilitya The differential between the first 
and second peaks.

Hardness (H) Force used to achieve the initial 
penetration.

Cohesiveness 
(C) or degree of 
breakdown

Ratio of work done on the first 
penetration to that on the second 
(positive area under curve). The 
areas can also be considered 
separately as first and second bite 
area.

Gumminess or 
chewinessa

H × C.

Elasticity (E) or 
springiness

Measured as the distance from the 
start of the curve to contact with the 
sample at the start of the second 
compression expressed as a ratio 
against the same measurement for 
an inelastic substance (e.g. clay). 
Alternatively, a simpler but less 
valid method is to measure the 
height the food recovers between 
the end of the first cycle of 
compression and the start of the 
next.

Chewinessa H × C × E.
Adhesiveness Negative force required to pull the 

plunger away from the sample
aAlternative definitions

It should be noted that measurement results 
vary slightly with the instrument being used due 
to differences in the rate of compression and the 
flexibility of the instrument. Brittleness and 
adhesiveness never occur in the same food prod-
uct according to Friedman et al. (1963).

9	� Summary

In writing this chapter, some areas have recent 
research or reviews which have been drawn upon, 
and in other areas, the science is well established 
and little new information is available. The tex-
ture of meat is influenced by many factors, rang-
ing  from animal type, through slaughter and 
processing, to post-slaughter treatments and pro-
cesses. Reformed meat product texture is largely 
determined by the ingredients used and the pro-
cessing conditions applied. Methods for assess-
ing quality, and in particular texture, have been 
described.
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