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Introduction 
Water-binding capacity (WBC) has been defined as the 

ability of muscle and muscle foods to bind water under a speci- 
fied set of conditions (Trout, 1988). The beef and pork indus- 
tries can both be adversely affected economically by poor WBC 
of the meat they produce. At the time of slaughter, fresh meat 
is approximately 75% water. The manner in which this water 
is bound by the muscle proteins is crucial to the quality of the 
meat and products from the meat (Hamm, 1975). The Pork 
Chain Quality Audit found WBC to be one of the most impor- 
tant concerns of all groups surveyed (Morgan et al., 1994a). 

Many factors have been found to affect WBC. Animal-re- 
lated factors which affect WBC include species, genetics, sex, 
age, environment and pre-slaughter transportation and han- 
dling. In addition, several steps involved with slaughter and 
carcass processing affect WBC of meat. These include, but 
are not limited to, electrical stimulation, hot fat trimming, hot 
boning, rate of post-mortem glycolysis and carcass tempera- 
ture. Conditions during fabrication, packaging, chilling and 
transportation can also act to increase or decrease WBC of 
meat. In processed meats, many additives and/or mechani- 
cal treatments have been used to manipulate WBC. Addition- 
ally, cooking, cooling, freezing and thawing, storage tempera- 
ture and transportation procedures have all been found to 
influence the WBC of muscle. 

For all areas of the meat industry, the loss of weight of a 
product during storage, freezing and thawing or cooking is of 
great economic importance since meat is sold by weight 
(Hamm, 1986). Product acceptability or palatability to the con- 
sumer is also highly dependent on water losses or gains as 
they affect juiciness, texture and flavor of meat (Offer et al., 
1984). Therefore, by controlling the WBC of meat and meat 
products through all phases of animal/meat production, we 
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can increase consumer satisfaction and product yields to maxi- 
mize the economic return of the product. 

These authors would suggest a “systems” approach to 
minimize economic loss due to low water-binding capacity in 
the beef and pork industries. The 1980’s brought wide spread 
use of many management schemes or “systems.” Total Qual- 
ity Management (TQM) is one of the most common, based on 
the principles of W. Edwards Deming. Total quality principles 
have been described as involving attention to process, com- 
mitment to the customers, involvement of employees and 
benchmarking of best practices (Jacob, 1993). The European 
Union (EU) has adopted the 9000 series of quality manage- 
ment and quality assurance standards developed by the In- 
ternational Organization for Standardization (ISO), known as 
IS0 9000 (Nadkarni, 1993). Hazard Analysis and Critical Con- 
trol Point (HACCP) programs have gained much attention in 
the meat industry as a method of ensuring meat safety. This 
system compiles the critical points where hazards may occur 
and makes specific controls for each one. No matter what 
combination of quality management systems a company uses, 
it is always necessary to utilize good manufacturing practices 
(GMP) and have defined standard operating procedures 
(SOP). SOP should be the foundation as these are the prac- 
tices carried out by individuals on a daily basis. Actions must 
be taken and SOP’S designed to prevent a loss of WBC in the 
product from the point of genetic selection of the animal through 
consumption of the product. 

Methods of Measurement 
To objectively quantify the WBC of muscle foods under a 

specific set of conditions, many methods have been devel- 
oped. An accurate determination of the WBC is important to 
know when developing a “systems” approach to controlling 
losses due to low WBC. Methods to determine WBC can be 
divided into five categories: press methods, centrifugal meth- 
ods, capillary suction techniques, nuclear magnetic resonance 
techniques and cook-out tests. In a review paper by Trout 
(1 988), a detailed discussion of the advantages and disad- 
vantages of the five methods is presented. 

As technologies have improved, modifications to the stan- 
dard WBC tests have been investigated. Barge et al. (1991) 
compared the use of a Video Image Analyzer (VIA) to the tra- 
ditional planimeter used to determine the area obtained from 
the filter paper press. They found that both methods gave very 

113 



114 American Meat Science Association 

close results and that the VIA was more precise; but clarified 
that, from a practical point of view, both methods were satis- 
factorily precise. Tsai and Ockerman (1 981) designed a study 
comparing the standard press technique, a cooked-centrifuge 
technique and a cooking-yield technique using microwave 
heating. They reported a high positive correlation (+0.95) be- 
tween the press technique and the cooked-centrifuge tech- 
nique, while the correlation between the microwave oven tech- 
nique and the centrifugal method or the press technique was 
slightly lower at +0.84 and +0.88, respectively. The authors 
concluded that the microwave method was a practical rapid 
laboratory method to estimate cooking yield, but the presence 
of high salt and phosphate levels did increase weight loss 
due to expansion of the tissue and this procedure should not 
be used on those types of products. 

Live Animal Management 
Many of the live animal management schemes that can 

affect WBC focus on preventing pale, soft and exudative pork 
(PSE); a review of the biochemical reactions of PSE meat is 
available (Offer, 1991). A well-known characteristic of PSE 
pork is lower WBC. This is due to a rapid drop of pH from 7.0 
to approximately 5.8 or lower within the first hour post-mortem 
while the temperature of the tissue is still > 36°C. This low pH 
and high temperature interact to denature the myofibrillar pro- 
teins, rendering them less able to bind water. Early work 
(Kastenschmidt et al., 1964) investigated the possibility that 
ante-mortem temperature regulation would control the nature 
of post-mortem glycolysis and thereby prevent the develop- 
ment of PSE meat. Pigs subjected to a temperature range of 
42" to 45°C for 30 min ante-mortem had an increased inci- 
dence of PSE muscle. However, when pigs were held at the 
same temperature and then placed in a 1 " to 3 "C water bath 
for 30 min, the incidence of PSE decreased. It is common in 
the pork industry today to rest hogs under a water spray for at 
least 30 min prior to slaughter, to reduce the incidence of PSE. 
Transport conditions may also affect post-mortem meat qual- 
ity by increasing stress or fatigue of the animal (Lambooij and 
van Putten, 1993). Pommier and Houde (1 993) concluded that 
pre-slaughter management practices may be the most impor- 
tant factors contributing to meat quality. 

Use of exogenous somatotropin is receiving attention as a 
possible method of producing lean pork. Some researchers 
have reported an increase in the incidence of PSE meat with 
injection of porcine somatotropin (pST) (Solomon et al., 1989, 
1990). Miller et al. (1989) observed that marinated and 
vacuum-tumbled semimembranosus muscle from pST- 
treated animals had higher purge losses than muscles from 
control animals. Other researchers have found that pST injec- 
tions had no effect on water-holding capacity. Boles et al. 
(1991) conducted a study to determine the effect of pST on 
swine from three stress classifications (stress positive, stress- 
carrier and stress negative). They found that pST had no det- 
rimental effect on palatability or processing characteristics of 
the semimembranosus muscle; however, animals classified 
as stress-susceptible had meat with decreased sensory scores 
and processing yields. Bidanel et al. (1991) investigated the 
effects of pST on the meat quality of three genotypes of hogs; 
lean (Pietrain), fat (Meishan) and intermediate (crossbred). 
The control Meishan animals had a higher ultimate pH and a 

higher water-holding capacity than the other two genotypes. 
When pST was administered, ultimate pH was not altered in 
any genotype, but water-holding capacity tended to be im- 
proved by pST treatment in crossbred and Pietrain pigs. Other 
repartitioning agents that increase leanness have been inves- 
tigated to determine their affect on WBC. Fiems et al. (1 990) 
conducted a study to determine the effect of cimaterol on meat 
quality. They found that when bulls were fed cimaterol, there 
was no significant effect on ultimate pH or water-holding ca- 
pacity. 

Carcass Handling 
Of primary concern in carcasses with regard to WBC is the 

temperature of the carcass and its rate of decline. Any pro- 
cess or factor that acts on carcass temperature affects the 
ultimate WBC of the meat. One of these factors is the scald- 
ing and de-hairing of hog carcasses by submersion into vats 
of 140°F water, which results in accelerated post-mortem gly- 
colysis due to the high temperature (Carr, 1985). This causes 
a quicker pH drop post-mortem, which in combination with 
the high muscle temperature encourages the development of 
PSE (Troeger and Woltersdorf, 1987). Research has shown 
increased WBC in de-hided or skinned pork carcasses over 
scalded/de-haired carcasses (Troeger and Woltersdorf, 1987). 
Other factors that may affect carcass temperature include a 
carcass that must be held for inspection prior to chilling; and 
the carcass weight, dimensions and amount of fat cover. The 
removal of skin and fat (ie. hot fat trimming) reduces carcass 
insulation, and directly accelerates the cooling rate (Carr, 
1 985). 

WBC is also dependent upon chilling temperature and re- 
lated conditions (Morgan et al., 1994b). In a pork carcass of 
normal characteristics, the post-mortem pH falls from 7 to 5.5 
within 5-8 h, and in beef carcasses within 24-40 h. During this 
time period, a pork carcass is normally chilled to 10" to 15°C 
and a beef carcass to 10°C. In pork carcasses that are PSE, 
rapid glycolysis occurs and a pH of 5.5 is reached within 30 to 
60 min while the temperature is between 35" and 42°C. It is 
this combination of high temperature and low pH that leads to 
protein denaturation and membrane leakage, which in turn 
causes low WBC associated with PSE meat (Honikel, 1987). 
Since rapid pH drop cannot be stopped, to avoid excessive 
water loss and pale color, the meat must be chilled rapidly. 
The carcass temperature must be below 34 "C within 70 to 80 
min post-mortem in order to reduce drip loss (Honikel, 1987). 

Rapid chilling post-mortem has been identified as a method 
to decrease the rate of glycolysis and raise the ultimate pH of 
muscle in porkcacasses (Carr, 1985). Crenwelge et al. (1 984) 
investigated the use of three hog carcass chilling methods 
with and without electrical stimulation. The three chilling meth- 
ods were: blast chill (-34°C for 3 h and 21 h at 2°C); conven- 
tional chilling (2°C for 24 h); and brine chilling (3 h in an 8% 
brine solution chilled with dry ice to -5°C). These researchers 
found blast chilling increased firmness and decreased muscle 
separation. Reagan and Honikel (1 985) recommended chill- 
ing to 20" to 35°C within 2 to 3 h post-mortem to reduce PSE 
characteristics, but warned that temperatures less then 10°C 
should not be reached within 5 h post-mortem to avoid cold 
shortening. This two-stage method of chilling helps to decrease 
weight loss due to poor WBC. Another way to limit weight loss 
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is through the use of high-humidity low-velocity air produced Fresh Meat Handling and Freezing 
by ice banks (Gigiel et al., 1989). Spray chilling has also been 
investigated for its evaporative cooling effects. In contrast to 
pork chilling, rapid chilling techniques result in cold shorten- 
ing of beef carcasses (Carr, 1985). 

Electrical stimulation is used to prevent cold shortening in 
the beef industry by increasing the rate of post-mortem glyco- 
lysis. It accelerates the pH decline post-mortem, thus rigor 
mortis sets in more quickly and improved tenderness is 
achieved in beef. As electrical stimulation quickens the onset 
of rigor, this permits a reduced time interval between slaugh- 
ter and hot boning or shipping of beef carcasses (Crenwelge 
et al., 1984). In general, electrically-stimulated muscle reaches 
a pH of 6.0 at approximately 5 h due to the increased rate of 
glycolysis (Cross, 1979). However, the increase in the rate of 
glycolysis due to electrical stimulation is detrimental to pork 
carcasses which already undergo rigor mortis much more rap- 
idly than beef, thus electrical stimulation increases the inci- 
dence of PSE in pork carcasses (Morgan et al., 1994b). 

Electrical stimulation has allowed the successful use of hot 
boning or partial hot fabrication of beef carcasses. These pro- 
cesses must be included in the “systems” approach to con- 
trolling WBC. Meade et al. (1992) found a slight trend for par- 
tially hot-fabricated beef carcasses to lose more moisture 
throughout the process when shrinkage, purge, thaw and cook- 
ing loss were all accounted for and evaluated. Hamm (1986), 
however, cites that generally hot-boned beef that has been 
subjected to delayed chilling procedures has equal or less 
drip or cooking losses than cold-boned beef. With regard to 
the hot boning of pork, it is essential to control chilling time 
and temperature conditions for the process to be efficient 
(Honikel and Reagan, 1987). Honikel and Reagan (1987) also 
recommend that pork not be electrically stimulated prior to 
hot boning, as the electrical stimulation resulted in increased 
purge loss. These researchers did find hot boning to be espe- 
cially advantageous when working with muscles with fast gly- 
colysis (pH < 5.8 within 45 min post-mortem) such as PSE 
muscle. They reported that hot boning and rapid chilling within 
the first hours post-mortem may diminish the exudative and 
pale characteristics of these muscles. However, they also 
noted that muscle with slow glycolysis still expressed less 
exudate than the hot-boned, fast-chilled, fast-glycolytic muscle. 

Aging is another factor that can have an effect on the pH of 
meat and thus affect WBC. Bouton et al. (1 973b) conducted a 
study manipulating the ultimate pH of carcasses from two year- 
old Hereford steers. Using a two-day aitch bone hanging car- 
cass-stretching technique and 21 d vacuum-package aging 
of the longissimus muscle increased the water-holding capacity 
when compared to longissimus muscle from non-stretched, 
non-aged carcasses. They found that increasing ultimate pH 
generally increases tenderness and that this increase is ac- 
companied by an increase in water-holding capacity which 
was highly correlated with pH. In a similar study, Bouton et al. 
(1973a) examined the WHC of stretched and cold-shortened 
deep pectoral and semitendinosus muscles. They found that 
increasing ultimate pH generally increased tenderness and 
that this increase was accompanied by an increase in water- 
holding capacity which was highly correlated with pH. 

- 

As with carcasses, proper temperature monitoring is of ut- 
most importance to protect the WBC of fresh meat cuts. If 
products are temperature-abused, an increase in purge will 
occur. This includes temperatures during distribution, storage 
and handling, as well as product display. Not only is the tem- 
perature range important, but also the consistency of the tem- 
perature; wide fluctuations in temperature are not desirable. 
Proper packaging, boxing and stacking, although not truly in- 
volved in WBC, can lessen water loss (purge) of the product 
during handling. Some packaging materials actually interact 
with the product through contact to prevent exudate. 

Freezing techniques have also been used very effectively 
to prevent excessive losses due to low WBC. The key area to 
focus on is the rate of freezing and thawing. How fast meat is 
frozen has a strong influence on the amount of defrosting drip. 
Faster freezing rates reduce thawing drip and expressible juice 
when compared to slow freezing. Again, constant tempera- 
tures with narrow ranges of acceptability are desired. Pack- 
aging materials can also act as moisture barriers to prevent 
water loss due to sublimation at frozen temperatures. For a 
comprehensive review of freezing effects and WBC, see 
Hamm (1986). 

Processed Meat Manufacturing 
Water-binding capacity is one of the most important prop- 

erties that must be controlled when formulating and produc- 
ing meat products (Harding Thomsen and Zeuthen, 1988). In 
general, the processing of comminuted meat products involves 
chopping meat in the presence of salt to extract the myofibril- 
lar proteins, which are primarily responsible for the protein 
matrix formed during cooking (Daum-Thunberg, 1992). It is 
this protein matrix that is responsible for the WBC of further- 
processed meats. Many steps involved in the processing of 
meat products can alter the WBC greatly. These include in- 
gredients or additives, mechanical treatments and thermal pro- 
cessing regimes. A “systems” approach to minimize loss due 
to poor WBC must include all of these factors. 

As is known, WBC is highly correlated with pH, and any 
factors which influence the pH will affect the WBC. A multi- 
tude of ingredients have been investigated as water-binding 
agents in processed meat products. The most common are 
salts (sodium chloride) and phosphates and their effects have 
been extensively reviewed (Offer and Trinick, 1983). Sodium 
chloride addition to meat will move the isoelectric point to- 
ward a lower pH, resulting in WBC being increased in meat 
with normal post-mortem pH values (Schut, 1976). Phosphates 
can be acidic, neutral or basic. They act by raising the ionic 
strength and adjusting the pH of meat products (Shand and 
Schmidt, 1990). Sodium chloride and phosphates are thought 
to act synergistically to improve the WBC of processed meats. 

Two other categories of processing ingredients which may 
have some affect on the WBC of meat products are the non- 
meat proteins and carbohydrates. The recent trend for low-fat 
products has focused increased attention on these ingredient 
groups. The effects of various potential non-meat ingredients 
and their effects on processing characteristics including WBC 
have been previously summarized (Shand and Schmidt, 1990; 
Keeton, 1991). Several forms of soy proteins are the most 
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common non-meat proteins, others include wheat gluten and 
the milk proteins. Carbohydrates in the form of starches and 
polysaccharide gums are used throughout the food industry 
as very effective water-binding agents. Carbohydrates used 
in meat products include: alginates, carrageenans, seed gums, 
cellulose derivatives, xanthan gum and starches from pota- 
toes, wheat flour, corn, oats, rice and tapioca (Shand and 
Schmidt, 1990). 

In addition to the many ingredients which may alter a prod- 
uct's ability to bind water, the physical or mechanical treat- 
ments a product receives will also alter the WBC of the prod- 
uct. This includes meat that has had some kind of mechanical 
treatment prior to the time of processing, such as mechani- 
cally de-boned meat (MDM) or mechanically-separated meat 
(MSM). MDM is used in certain meat products in many coun- 
tries (Harding Thomsen and Zeuthen, 1988). Products manu- 
factured with MDM may have improved WBC. This process- 
ing advantage is seen in meat separated by mechanical means 
due to higher pH values because of the bone marrow (pH 6.8- 
7.4) associated with mechanically de-boned trimmings (Field, 
1988). Other mechanical treatments used in the production of 
processed meat products are: macerators and comminuters, 
used to reduce particle size; and tumblers and blenders, to 
mix and massage meat. Physical size-reduction methods act 
to increase the protein available for protein and ion interac- 
tions. When used in combination with salt and phosphate, more 
protein is extracted which results in increased WBC. Tempera- 
ture, once again, must be monitored during chopping, minc- 
ing or comminuting. Higher temperatures reached during chop- 
ping result in decreased WBC as seen by higher moisture 
loss during cooking. Physical manipulation such as tumbling, 
massaging and blending may increase water binding by in- 
creasing protein-protein and protein-on-water interactions 
(Gregg et al., 1993). Tumbled meat has been shown to have 
less moisture loss than non-tumbled meat (Ockerman and Wu, 
1 990). 

Thermal processing of meat and meat products is a com- 
plex and dynamic system. Weight loss of meat during cooking 
depends on two factors: 1) the factors that modify the binding 
of water in meat (salt, phosphate, etc.); and 2) the factors that 

determine the migration of water from the inside to the out- 
side of the meat surface (meat shape and geometric charac- 
teristics) (Hamm, 1986). Wierbicki et al. (1 957) identified the 
4O0C-7O0C range as where muscle protein denaturation takes 
place. Due to the tightening of the myofibrillar network by heat 
denaturation of muscle proteins, there is a considerable de- 
crease in WBC during the heating of meat (Hamm, 1975). 
However, Wierbicki et al. (1957) noted a dynamic shift in the 
potassium, calcium and magnesium concentrations which ac- 
tually promote meat hydration, thus counteracting the water 
loss generally associated with heat denaturation. This tendency 
is enhanced by the addition of sodium chloride. 

Conclusions 
Meat with poor water-binding capacity is a significant con- 

cern of producers, packers and retailers as indicated by the 
Pork Chain Quality Audit (Morgan et al., 1994a). Muscles that 
have poor water-binding characteristics economically affect 
every phase of the beef and pork industries, including the 
farmer, packer, fabricator, processor, retailer and food-service 
operator. Research over the past 40 years has identified the 
biochemical and physiological mechanisms responsible for 
WBC in muscle foods and several comprehensive reviews 
are available (Hamm, 1986; Offer et al., 1984; Hermansson, 
1986; Offer and Knight, 1988). A multitude of studies have 
investigated the affect of many treatments, processes and 
additives on the WBC of meat and meat products; however, 
no work has integrated water binding throughout all segments 
of the animal/meat industry. Some purveyors and processors 
can request that certain standards with regard to water-bind- 
ing characteristics be met at the time of purchase, but they 
must rely on the many treatments and processes available 
after that point to minimize loss due to poor WBC. The solu- 
tion is to optimize the water-binding characteristics of meat 
throughout the entire system. Although WBC is important, 
selection solely for it may lead to other deleterious effects. 
WBC must be balanced with all the other variables of interest. 
A quality program or "system" is the best way to produce a 
superior product and maximize profits. 
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Discussion 

J. Regenstein: When you measure ATPase denaturation 
and try to correlate it with changes in drip- or water-holding, 
do you look at all the different types of ATPase associated 
with actin or actomyosin, or do you just look at the high-cal- 
cium ATPase of myosin? Do different ones “denature” at dif- 
ferent rates? 

R. Van Laack: In general, the high-calcium ones. Penny’s 
research has shown a slight difference between calcium AT- 
Pase and the magnesium ATPase measurements, but he did 
not go into any detail and did not go back to evaluate any of 
those differences. 

Unidentified: There are many instruments to predict poor 
quality. Which wavelengths best predict water-holding capac- 
ity, and is measurement at 45 minutes or at 24 hours more 
accurate? 

H. Swatland: Basically, with the simple monochromatic 
machines, you will get simple correlations not much better 

than 0.5, so the r2 is of little use. With some common lab 
equipment, you can get better correlations, of about 0.7, which 
only explains about 50% of the variation. The only way you 
can get a correlation above 0.9 in order to be of industrial 
application is to use multi-wavelength systems. The first two 
we just discussed use the high wavelengths, with red light at 
700 giving you about the same results as near-infrared at 800. 
So the only way you can improve on that is by adding in extra 
information at other wavelengths, which is what I tried to show 
in that black and white, speckled chess-board illustration. 
There you saw the information content for water-holding ca- 
pacity was coming at 400 (violet light). So when you have a 
system that can measure several wavelengths in several po- 
sitions, and you put those in a step-wise regression, that is 
the only way I can see that you can get a correlation strong 
enough to be industrially useful. To summarize, the easy stuff 
is at 700 or 800 nanometers. The more difficult information to 
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obtain technically is at violet light, at 400. But if you add the 
information contained at 400 to the information at 700, you 
can get a strong relationship. 

R. Kauffman:This question is for Glenn Schmidt. You listed 
a whole series of things that would affect how we would change 
the quality of a product, as I recall in your first slide. The thing 
that you did not mention is price. It is my view that price drives 
everything, and if you have methods to detect the variations 
in quality, it will take care of all the problems. So far, you have 
suggested that price is not one of those factors. Would you 
comment? 

G. Schmidt: I would just comment that any time you use 
the words “all” or “never,” you are probably wrong. As part of 
a total index, if we had a good method to estimate the eco- 
nomic value of water-binding capacity at different points in 
fresh meat processing, that could be entered as part of the 
index. We do that already. I think one of the best systems for 
looking at quality and assigning a value to it is in the Certified 
Angus Beef program. They have taken various traits, includ- 
ing looking at the carcass, and that has an economic impact. 
Now the question is, “What do you do when you have a low- 
quality product?” Someone explained to me that every ani- 
mal has a value, and there will still be a value to that lower- 

quality product. If you can buy it cheaply enough, you can still 
make money on the lower-quality product. So even within a 
system, the overall trading of meat will still be independently 
impacted by price, and by supply and demand. And there will 
still be a lower-quality product. But a good system that will 
help us to assign quality measurement in our index of pricing 
would be very valuable in most species. 

J. Claus: I have a question for Glenn relative to the state- 
ment that you made that the taste panels could not pick up 
differences in the added proteins, where the consumer pan- 
els could over time. Could you explain this? 

Schmidt: I like to make statements that get me into trouble. 
I think that if people are tasting cubes of a product, one centi- 
meter by one centimeter, a few at a time, many times we can 
get results that show no significant difference between two 
different treatments. If you are going to feed somebody a 
product day after day, and they are going to make purchasing 
decisions about whether they are going to repurchase that 
product, I am not sure our sensory evaluation panels are good 
enough to predict how that consumer will act on a day-by- 
day, week-by-week basis. I would be happy to be proven 
wrong on this. If I am wrong, then we should have virtually no 
market failures of new products-but we do indeed have them. 




