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The components of “taste” that determine the 

“overall palatability” of beef (i.e., the satisfaction 

gained from eating beef) are flavor, juiciness and 

tenderness.  Tenderness has been identified as the 

primary determinant60,108,125 of eating satisfaction 

among U.S. beef consumers, or equal to that of flavor99.

Consumers realize that cuts from some areas  

of the carcass are inherently more tender than  

cuts from other areas, and are willing to pay  

more money for them.  That is why—in super-

markets—there is a continuum of prices starting, 

for example, at $3/lb for a chuck steak and  

progressively increasing for steaks from the  

bottom round, top round, top sirloin, ribeye and 

striploin to, for example, $14/lb for a tenderloin 

steak.  Some consumers are willing to pay a  

premium for one cut versus another when both 

are from the same area of the carcass, or when  

one cut is of “superior” tenderness79,107 or  

“guaranteed” tenderness11,78,91,125.  A single beef 

carcass can yield 294 steaks and roasts; if all 

cuts from that carcass are “tender” (or “tough”), 

approximately 542 consumers will be “delighted” 

(or “disappointed”).

As an indication of its importance to those in all  

sectors of the U.S. beef industry, tenderness 

ranked 4th, 4th, 3rd and 9th among the Top Ten 

Beef Quality Challenges in the National Beef 

Quality Audits (NBQAs) in 1991, 1995, 2000 and 

2005130.  In the International Beef Quality Audit—

1994-96, the Number 2 “most important reason 

that foreign meat importers purchase U.S. beef,” 

was “its exemplary tenderness and flavor.”  And, 

included in “Industry Goals to Stay on Track” in 

NBQA—2005
130

 is “consider tenderness in genetic 

and management decisions.”  Economic analyses 

demonstrate that a 10% increase in tenderness of 

beef produced in the U.S. would add $150 million  

to $170 million, annually, to the income of the  

U.S. beef industry107,115.
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The Structure of Muscle 
 

Muscle fibers (comprised largely of myofibrillar  
proteins), muscle bundles and whole muscles 
are surrounded by connective tissues (com-
prised of collagen, elastin and reticulin fibers,  
in a watery fluid) called endomysium, perimy-
sium and epimysium.  These tissues collectivize 
the activity of the contractile units (i.e.,  
sarcomeres) in the myofibrils of the muscle 
fibers.  The individual unit of a myofibril  
that allows the muscle (in the living animal) to  
contract and relax is the “sarcomere.”  If the  
sarcomeres in a muscle are long (because they 
are fixed in that position during rigor mortis) 
when a bite of cooked muscle is eaten, it will  
be tender, while if those sarcomeres are short, 
the bite will be tough. 
 
Cooking meat makes connective tissue more  
tender by converting collagen to gelatin, but 
cooking also coagulates (and makes less tender) 
the myofibrillar proteins.  Both effects depend 
on time and temperature.  Time is more important 
for the softening of collagen, while temperature 
is more critical for toughening of the myofibrillar  
proteins.  Beef longissimus muscle is tender and 
biceps femoris muscle is tough when both are 
broiled (dry-heat cookery; high temperature, 
short time) to 61°C but the converse is true if 
both muscles are braised (moist-heat cooking; 
low temperature, long time, steam generation) 
to 100°C 73.  As beef is heated during cooking, 
it undergoes a marked decrease in tenderness 
at 58°C due to the collagen shrinkage reac-
tion, while the muscle fibers begin to shorten at 
61°C to 68°C and begin to toughen because of 
the loss of water and the coagulation of muscle 
fiber proteins53,80,111.
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How is Tenderness Measured?
 
 
The tenderness of cooked beef is measured by mechani-
cally shearing it (shear force value, SFV) or by having 
people eat it (sensory panel tenderness rating, SPTR).  
Although its tenderness is an imperfect predictor of the 
tenderness of some of the other muscles in the carcass, 
the ribeye muscle (longissimus) at the 12th/13th rib is 
used to characterize the relative tenderness of all the 
muscles in a specific beef carcass.  “Threshold values” 
for relating specific scores for SPTRs, or amounts  
(in lb or kg) of SFV, to consumer acceptability have 
been identified for use in categorizing carcasses, cuts  
or muscles as “tender,” “intermediate” or “tough.”   
Tenderness of cooked beef muscle is determined by 
amounts of connective tissue left unsolubilized after 
cooking (gristle), amounts of intramuscular moisture  
and marbling-fat remaining after cooking, and the  
structural integrity of the sarcomeres, myofibrils and 
muscle fibers at the time of consumption. 

Differences in Tenderness Among Muscles
 
 
The comparative tenderness of individual muscles  
(e.g., tenderloin vs. top round) differs substantially,  
depending most upon their amounts of connective tissue 
(predominantly related to what that muscle does in  
the live animal), the extent of muscle fiber or sarcomere  
shortening that has occurred during rigor mortis (i.e. 
“death stiffening”), the period/conditions of postmortem 
storage and the method used to cook them.  Beef from 
older animals is less tender than that from younger  
animals, largely due to the higher quantity and different 
composition (i.e., greater amounts of collagen cross- 
linking and, perhaps, of elastin) of its connective tissue.  
The beef industry has capitalized on identification of  
“beef value cuts” and is better able to direct certain 
muscles, rather than primal or subprimal cuts, to  
specific end-uses and markets through an improved  
understanding of the tenderness of individual muscles.
 

round		          loin		  rib		     chuck



1

2

Such practices include: 

1.	 Slower Chilling of Carcasses  
2.	 Infusion of Substances into Carcasses  
	 Immediately after Blood Removal  
3.	 Electrical Stimulation of Carcasses  
4.	 Change in Carcass Suspension  
5.	 Severance of the Skeleton  
6.	 Delayed Chilling  
7.	 Very Fast Chilling  
8.	 Sorting of Carcasses by Use of  
	 Physical Characteristics  
9.	 Sorting of Carcasses by Use of  
	 Instrument Assessments  
10.	Postmortem Aging  
11.	Mechanical Tenderization  
12.	Marination or Injection with Organic  
	 Acids, Salt, Phosphates, Calcium Chloride  
	 and/or Ammonium Hydroxide  
13.	Use of Fungal, Bacterial or Tropical- 
	 Plant Enzymes  
14.	High Pressure Processing  
15.	Palatability Assurance Critical Control  
	 Point (PACCP) Systems  

Post-Harvest  
Practices  

For Enhancing 
Beef Tenderness    

k
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Early studies of Calcium Activated Tenderization 
were predicated on the fact that because the  
enzyme m-calpain does not decline during postmor-
tem storage of carcasses or cuts, it could be activated, 
postmortem, by calcium chloride, which would 
tenderize the muscles69.  Research demonstrated 
that Calcium Activated Tenderization improved 
tenderness in some trials69,167,169 but could induce 
bitter and metallic off-flavors97.  Because numerous 
subsequent studies confirmed that Calcium  
Activated Tenderization caused off-flavors in beef, 
it has not been used in commercial practice.
 
In previous studies, Glycolytic Rate Enhancement 
improved beef tenderness36 but addition of calcium 
chloride to the process resulted in lamb meat quality 
problems (toughness and inferior muscle quality)35,37 
causing the researchers to not recommend its adop-
tion by the meat industry.  Rinse & ChillTM has been 
more thoroughly studied than has Glycolytic Rate 
Enhancement and apparently has no effect on the 
tenderness of beef27,177,178.  Post-exsanguination  
vascular infusion does not appear to be efficacious 
for improving the tenderness of beef.
 
 
Electrical Stimulation (ES) of Carcasses— 
Early studies88,89,116,118,120 revealed that beef muscles 
will be more tender if the carcass—during the  
harvesting process—is subjected to electrically  
induced contraction/relaxation cycles (12 or so,  
induced by about 450 volts of AC, at about 2  
amps).  High-voltage ES changes the rate of  
postmortem pH decline in muscle, creates tears  
and fissures in muscle fibers, speeds up activities  
of both cathepsins and calpains, and expends  
energy, thereby lessening sarcomere shortening  
occasioned by development of rigor mortis.   
Research study summaries134,145 revealed that use 
of electrical stimulation increased SPTRs by 20 to 
26% and decreased SFVs by 22 to 23%.
 
Electrical stimulation is used quite widely in the 
U.S. and globally.  Some U.S. plants focus upon 
tenderization of the middle meats while prevent-
ing severe contraction of muscles in the round and 
chuck (to lessen purge loss during subsequent 
vacuum-packaged storage) using protocols identi-
fied first for Swift & Company113,114.
 

Following are descriptions of each of the post- 
harvest practices that have been proposed for use 
in enhancing beef tenderness.
 
 
Slower Chilling of Carcasses—Many packers 
have converted from 24-hour chill cycles to 36-  
to 48-hour chill cycles in the past 10 years.  The  
percent acceptability in tenderness has been 
shown to be 20% higher for ribeye and striploin 
steaks, 40% higher for clod Flat Iron steaks and 
10% higher for top round steaks when carcasses 
are chilled at a slower rate1.
 
Rigor mortis has long been associated with physical 
changes in muscle and, thus, with variability in 
beef tenderness94.  A “cold-shortening” phenom-
enon which accompanies or precedes rigor onset 
causes appreciable contraction of sarcomeres 
(and concomitant toughening of muscle fibers), 
depending upon the temperature of the cold air 
moving across the surfaces of muscle, the thick-
ness of fat over and around individual areas of the 
muscle, and skeletal attachments (constraints) on 
the muscle76,83.
 
Chilling parameters that minimize cold-shortening 
are of greatest importance in determining the 
ultimate quality and palatability of beef.  Minimiz-
ing cold-shortening can best be accomplished by 
ensuring that muscle temperatures are not below 
10°C before muscle pH reaches 6.2, during the  
24- to 48-hour chill cycle117.
 
 
Infusion of Substances into Carcasses  
Immediately After Blood Removal— 
Called “post-exsanguination vascular infusion,” 
three kinds of solutions have been investigated—
one containing only calcium chloride (hereafter 
called “Calcium Activated Tenderization”), a 
second comprised of dextrose, maltose, glycerin 
and polyphosphates (hereafter called “Glycolytic 
Rate Enhancement”) and a third containing sac-
charides, sodium chloride, phosphates, vitamins C 
and/or E (hereafter called “Rinse & ChillTM”).

1

2

3
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Two recent studies of ES have verified the  
tenderization effect of ES even at low voltage74.   
The studies show that tenderization is due to  
prevention of excessive muscle shortening during 
rigor development (minimizing sarcomere short-
ening), enhanced proteolysis by release of calcium 
ions at a higher carcass (and muscle) temperature, 
and physical disruption of the structure of the 
muscle fiber62.
 
 
Change in Carcass Suspension—The original 
study of muscles from horizontally placed versus 
vertically suspended carcass sides demonstrated 
that when muscles shortened there were corre-
sponding decreases in sarcomere length, increases 
in muscle fiber diameter and decreases in tender-
ness52.  This led to the development of a procedure 
for carcass suspension from the obturator foramen 
of the pelvis (i.e., Tenderstretch)57.  Tenderstretch 
suspension of carcasses improves the tenderness 
of muscles of the round because the hind-shanks 
pull downward, preventing those muscles from 
shortening (as done in standard Achilles-tendon 
suspension) and improves the tenderness of the 
longissimus muscle because the forequarter pulls 
down, straightening and stretching the spine and 
keeping that muscle from shortening102.  Early 
studies54,55,56, and a more recent study64, demonstrate 
that Tenderstretch suspension increases the tender-
ness of the longissimus muscle by 24 to 25%.
 
Use of Tenderstretch suspension changes carcass 
conformation making commercial handling more 
difficult, but a novel cutting procedure for pre-
paring supermarket cuts results in a 2.6% yield 
advantage for Tenderstretch versus conventionally 
suspended carcasses102.  Pelvic suspension is not 
practiced in U.S. beef packing plants but is widely 
used in Australia and the UK, and is also used 
commercially in Sweden and Norway.
 
 
Severance of the Skeleton—Severance of  
the vertebral column in five locations and of the  
ligamentum nuchae of beef carcasses prior to chilling 
can increase carcass and sarcomere lengths  
and improve the tenderness of the longissimus  

muscle140.  Later, the “Tendercut” process was devel-
oped to improve the tenderness of beef round and 
loin muscles by making a prerigor cut through the 
12th thoracic vertebra and associated connective 
tissues22 and severing the shaft of the ischium, the 
4th/5th sacral vertebrae and the connective tissue 
at the round/loin juncture160.  Subsequent studies of 
various combinations of severance protocols have 
produced inconsistent tenderization results with  
regard to round vs. loin muscles, SPTRs vs. SFVs, 
and zones along the length of the longissimus 
muscle5,77,127,159.  Nevertheless, Cargill Meat Solutions 
uses Tendercut, along with carcass electrical stimula-
tion, as a part of its patented “Snip & Shock” process29.
 
 
Delayed Chilling—An early study140 demonstrat-
ed that chilling carcasses at 16°C for the initial 16 to 
20 hours postmortem, respectively, decreased SFVs 
by 48 and 32% and increased SPTRs by 40 and 
28%.  Subsequent studies of delayed chilling of beef 
carcasses have demonstrated improvements in  
tenderness39,54,84,105,106,136,137,170 of about 7 to 30%.   
Muscles become more tender when chilling is 
delayed because of decreased sarcomere shortening 
and increased proteolysis39,105,170.  If performed  
incorrectly, delayed chilling can result in “heat 
shortening” which toughens muscles141.  Delayed 
chilling is not practiced commercially in the U.S. 
because bacteria can proliferate on carcass surfaces 
under such conditions and—if human pathogens 
were present—could produce a distinct health threat.
 
 
Very Fast Chilling—There are studies that  
suggest that a combination of proteolysis and crust 
freezing can produce tender beef15,66.  One such study15 
demonstrated that beef sides chilled at -70°C for 5 
hours, at 16°C for 4 hours, and at 1°C for 15 hours 
(rapid chill), compared to sides chilled at -70°C for 24 
hours (conventional chill), produced loin steaks with 
longer sarcomeres, lower SFVs and higher SPTRs.  
Subsequent research showed that “very fast chilling” 
(VFC), the attainment of -1°C in the deep muscula-
ture within about 5 hours postmortem, can improve 
tenderness2,3 but another study disagreed155.
 
Canadian researchers have combined the use of 
electrical stimulation with blast chilling in attempts 

4

5

6

7

8



8

to accomplish rapid carcass chilling without cold-
shortening and resulting meat toughening.  One 
study compared blast chilling (at -20°C, or at 
-35°C) to achieve -1°C deep muscle temperatures 
at 5 hours postmortem, with conventional chilling 
(at 2°C for 24 hours). After 6 days of aging, steaks 
from blast-chilled sides were more tender but the 
difference disappeared by 21 days postmortem, 
causing the researchers to identify the advantage 
of blast chilling as “a reduction in the aging time 
necessary to achieve an acceptable product2.”
 
 
Sorting of Carcasses by use of Physical 
Characteristics—There are 63 branded-beef 
programs that are “Certified” by the USDA and 
more than 100 company-brand programs that  
are not.   Most of those brands use constraints 
based on live animal and/or carcass traits.  Physical 
characteristics that are related to the genetics of 
the animal and/or to the environment to which 
the animal is exposed, and that help determine the 
relative tenderness of cooked beef are:  
u	 biological types of animals23,26,128,144  
u	 physiological maturity of carcasses10,133  
u	 amount of marbling in muscles of  
	 carcasses41,109,132,166  
u	 USDA Quality Grade107,109,131  
u	 external fat thickness on carcasses30,65,75,152  
u	 muscle pH and color65,172,173  
u	 gender21,70,144.
 
In general, a carcass is more likely to produce  
tender beef if it:  
u	 is from an animal of British, and not from  
	 Brahman, breeding  
u	 is less mature physiologically  
u	 has more marbling in its muscles  
u	 qualifies for a higher USDA Quality Grade  
u	 has a thicker covering of external  
	 (subcutaneous) fat  
u	 has muscles of pH <5.8 and of lighter color 	 
u	 if it comes from a steer or heifer rather than a  
	 bullock.  

Use of combinations of carcass-trait constraints 
can segregate carcasses into groups which have 
higher probabilities of producing tender beef.
 

Sorting of Carcasses by use of Instrument 
Assessments—Instruments can be used to sort 
carcasses according to categories of physical- 
appearance traits (e.g., muscle color, marbling 
score, external fat thickness) or in attempts to 
predict cooked-beef tenderness.  Two image-based 
instruments are approved to determine marbling 
score for use in the evaluation of Official USDA 
Quality Grades for Carcass Beef (www.ams.usda.
gov/lsg/ls-st.htm).  A number of probe devices  
have demonstrated limited ability to predict beef 
tenderness6,59,146 and a system was designed to 
remove, cook and shear a longissimus steak from 
carcasses in the chill cooler126 but none of these  
invasive protocols has been adopted commercially.
 
Muscle color characteristics, measured with a  
Minolta Chromameter (Minolta Corporation, Ramsey, 
N.J.), were successfully used to sort carcasses 
into groups with different percentages of “tough” 
steaks173.  The Hunter/ CSU BeefCAMTM uses 
video image analysis to measure the color of muscle 
and fat in the longissimus to sort beef carcasses into 
expected tenderness groups7. It was able to identify 
sub-populations of carcasses with “tender” steaks 
in seven trials18,19,47,157,174,175,176 but not in one trial165.  
Studies of near-infrared, alone or in combination 
with visible, reflectance spectra, have shown prom-
ise in three trials101,103,124, but not in one trial156, for 
predicting tenderness of beef from measurements 
on the longissimus muscle.  Sorting  
of carcasses by use of instrument assessments is— 
at the least—helpful in identifying carcasses with 
longissimus muscle colors indicative of greater  
probability of toughness.  Other instruments are in 
early stages of development45.
 
 
Postmortem Aging—Individual muscles respond 
differently, in extent of tenderization improvement, 
to postmortem aging periods because of differences 
in rate and extent of pH decline and in activity 
of calpains63 and thus in the extent of proteolytic 
degradation110,154.  Beef can be “wet-aged” (held  
for periods of time in vacuum packages) or “dry-
aged” (held for periods of time with no protection or 
package) to allow more complete degradation of 
myofibrils via loss of integrity of sarcomeres at the 
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Z-lines).  One study104 demonstrated that dry aging 
improved tenderness more than did wet aging, while 
another study163 found no difference in tenderization 
between the two methods.
 
Numerous studies have been conducted to identify 
suggested postmortem aging times for specific 
primal cuts or muscles16,32,46,90,138,164.  One study16 
demonstrated that beef from the USDA Upper 
Two-Thirds Choice grade does not need to be 
aged beyond 7 days while beef from the USDA 
Select grade should be aged at least 14 days.  
Another study46 concluded that muscle-to-muscle 
tenderness differences depend on USDA Quality 
Grade and aging time, and that—in general—
SFVs of muscles from the Upper Two-Thirds 
Choice carcasses decreased more rapidly from the 
2nd to the 10th days of postmortem aging than 
did corresponding muscles from USDA Select 
carcasses.  To achieve maximum aging response, 
all 17 muscles studied required 20 or more days if 
from USDA Select carcasses while 10 of those 17 
muscles required 18 or fewer days if from USDA 
Upper Two-Thirds Choice carcasses46.
 
 
Mechanical Tenderization—Passing beef  
primal/subprimal cuts through machines that  
have reciprocating banks/rows of very sharp 
blades or needles is an effective means for  
disrupting the structural integrity of myofibrils, 
muscle fibers and muscle bundles, of severing 
fibrils of collagen, reticulin and elastin and, 
thereby, increasing tenderness of muscles.   
At least some of the blade/needle tenderization  
effect from a sensory standpoint is from reductions 
in the amount of perceptible connective tissue50,135.   
A significant portion of U.S. foodservice beef has 
been blade/needle tenderized.  Middle meats are 
usually passed through blade/needle tenderizers 
one or two times while round cuts may be blade/
needle tenderized two to eight times43. 
 
Research demonstrates that blade/needle  
tenderization:  
u	 consistently decreases SFVs24,153  
u	 further reduces SFVs with successive passes  
	 through the machine119,123,135  

u	 will not (even with two passes) make  
	 Select striploins as tender as are those from  
	 Choice or Certified Angus Beef striploins42  
u	 may25,44,50, or may not119,122,123,135,153  increase drip  
	 loss and/or cooking loss.   
 
There have been recent concerns about blade/needle 
tenderization taking E. coli O157:H7 into the  
interior of cuts allowing it to survive cooking,  
but research51 demonstrated that the risk is minimal 
and that there are “Good Practices” for mitigating 
that risk.
 
 
Marination or Injection with Organic Acids, 
Salt, Phosphates, Calcium Chloride and/or 
Ammonium Hydroxide—Several processes use 
marination, infusion or injection of chemical in-
gredients for purposes of improving real or appar-
ent beef tenderness.  The processes work because 
acetic acid and sodium chloride weaken the sac 
(i.e., sarcolemma) that surrounds the muscle fiber. 
Sodium chloride itself has a tenderizing action on 
meat; phosphates enhance water-holding capacity of 
muscle; phosphates and ammonium hydroxide raise 
the pH of muscle; and the calcium ions in calcium 
chloride activate the calpain enzymes that degrade 
muscle proteins during postmortem aging.
 
Organic acids have been shown to increase beef 
tenderness8,17.  Salt alone121,162, but especially salt 
plus phosphates4,72,85,121,149,158, are very effective 
tenderizers and have been used commercially to 
“enhance” beef cuts.  Calcium chloride improves 
tenderness12,28,168,169 yet has caused bitter and/or 
metallic off-flavors in some studies33,97,121,168 but not 
in others20,71,92.  Solutions containing ammonium  
hydroxide have recently been demonstrated as  
effective in tenderizing beef34,48,49,171.
 
 
Use Of Fungal, Bacterial Or Tropical Plant 
Enzymes—Enzymes of fungal or bacterial origin 
(e.g., fungal amylase, protease 15) confine their 
action to muscle fiber protein while those from 
tropical plants (e.g., papain, bromelin, ficin) contain 
both colleagenase and elastase.  Any of these enzyme 
preparations can tenderize meat, provided the  
right amount of it can penetrate evenly into the meat 

12
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tissue 162.  Beef can be tenderized by marinating 
or injecting it with solutions of papain67,86,87,112,161,162, 
bromelin67,161,162 or ficin67,93,161,162.  Papain in solution 
can be administered to live cattle and beef from 
treated animals will be tenderized61,139.  Bacterial  
collagenases, for degrading connective tissue in meat, 
have shown limited usefulness9,40 and have not been 
used commercially for tenderizing beef.
 
Native forms of collagen, reticulin and elastin, 
resist attack by proteolytic enzymes of fruit/veg-
etable origin but, when altered by cooking, are 
readily susceptible to their action.  The tropical 
plant enzymes (papain, bromelin, ficin—from 
papaya, pineapple and fig sources) do not reach 
their optimum temperature of activity until the 
range of 70 to 85oC is attained73 during cooking.  
Unless conditions (time/temperature) are carefully 
controlled, the tropical plant enzymes go too far, 
over-tenderizing and making the beef mushy and 
oddly flavored.  As a result, those enzymes are not 
widely used to improve beef tenderness by either 
the supermarket or foodservice sectors in the U.S. 
beef industry.
 
 
High Pressure Processing—Research  
conducted in the early 1970s demonstrated that 
it was possible to tenderize beef by subjecting the 
muscles of freshly harvested animals to very high 
pressures (100 Mpa) for short periods of time 
(2 to 4 minutes) reducing SFVs for beef cuts by 
three- to four-fold81,82.  Others combined heat and 
high pressure processing to improve beef  
tenderness, and reported that such treatment was  
efficacious because of effects on myofibrillar  
proteins13,14 or on the sarcolemma68.
 
Hydrodynamic pressure (HDP) wave technology 
uses an underwater detonation of explosives to 
generate a hydrodynamic shock wave pressure 
front as a means for tenderizing meat.  HDP tech-
nology has been shown to improve the  
tenderness of beef by magnitudes of 30 to 80% 
and, the tougher the piece of meat, the greater the 
magnitude of improvement142.  Subsequent studies 
of the technology have demonstrated tenderness 
improvements of 14% to 72% for specific beef 
muscles31,143,179.  HDP technology will most likely 

be used to control spoilage microorganisms, food-
borne pathogens and food allergens rather than for 
tenderization of beef.
 
 
Palatability Assurance Critical Control Point 
(PACCP) Systems—The idea of using a PACCP 
System for improving beef palatability was first 
proposed during the Strategy Workshop for the 
NBQA—199195 and was included as the first of the 
eleven elements of the National Beef Tenderness 
Plan98.  The PACCP approach was used to develop 
a breed association brand of beef58, “Genetic Critical 
Control Points” for improving beef tenderness100, a 
program for allowing Bos indicus cattle to qualify for 
a branded beef program128,129 and an “Eating Quality 
Assurance Scheme” in Australia38.
 
More recent studies of the PACCP System include 
a model to reduce the incidence of beef palatability 
problems151, a Total Quality Management approach 
for improving beef tenderness150, quality management 
practices to reduce the incidence of retail beef tender-
ness problems148 and new approaches for improving 
tenderness, quality and consistency of beef147.  In one 
of those studies148, a PACCP program is described 
that consists of:
u	 CCP1—Genetics (sire lines) 
u	 CCP2—Preharvest Cattle Management  
	 (age, castration, implants, time-on-feed, health,  
	 and a subcutaneous fat thickness target) 
u	 CCP3—Early Postmortem Management  
	 (high voltage electrical simulation) 
u	 CCP4—Late Postmortem Management  
	 (aging for 21 days).  

Use of that program reduced nonconformance in 
tenderness from 1 in 4, to 1 in 8, for top sirloin and 
striploin steaks.
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	 marbling within the chosen grade range,  
	 minimum hump height, more youthful  
	 skeleton) can be used to generate populations  
	 of products that are more tender; and   
u	 sorting of carcasses by use of instrument  
	 assessments assures that physical-attribute  
	 constraints for quality-grade-factor determinants  
	 are more objectively monitored.  Such assess- 
	 ments are at the least helpful in identifying  
	 carcasses with longissimus muscle colors indicative  
	 of greater probability of toughness.
 
Of practices that can be applied to primal/subprimal 
cuts of beef:  
u	 postmortem aging, for appropriate periods of time  
	 and under appropriate storage conditions, greatly  
	 improves the tenderness of cuts/muscles that are  
	 low in connective tissue and helps improve the  
	 tenderness of cuts/muscles with high quantities  
	 of connective tissue;  
u	 mechanical tenderization is widely utilized by  
	 foodservice operators and can be used by  
	 supermarket operators. With proper control  
	 of sanitation, it can be an important tool for  
	 tenderizing beef;  
u	 marination or injection with organic acids, salt,  
	 phosphates and/or ammonium hydroxide—but not  
	 with calcium chloride—can be used to replace  
	 marbling in cuts of beef with insufficient amounts  
	 of intramuscular fat (as a means for protecting the  
	 palatability of the product if it is overcooked);  
u	 tropical-plant enzymes, but less often those of  
	 fungal or bacterial origin, are used in marinades  
	 and are applied by direct contact by consumers  
	 (at home), by restaurateurs, and by some super- 
	 market and foodservice operators but must be  
	 cautiously applied and carefully managed to assure  
	 a successful outcome; and  
u	 high pressure processing greatly improves tenderness  
	 of beef, but logistic and cost concerns are such that  
	 its use will likely be limited to use on prepared and/ 
	 or processed products for which there are food 
	 safety concerns.
 

O
Summary and Conclusions
 

Of tenderness interventions that can be applied 
prior to or coincident with chilling of carcasses: 
u	 postexsanguination vascular infusion cannot  
	 be recommended as a means for improving  
	 the tenderness of muscles in the beef carcass;  
u	 electrical stimulation is already used in most  
	 fed-beef packing plants and, if applied  
	 appropriately, will improve the tenderness of  
	 some or most of the major muscles in the  
	 beef carcass;  
u	 suspension of the beef carcass by the  
	 aitch bone greatly improves the tenderness  
	 of the major muscles in the rib, loin  
	 and round; 
u	 severance of the skeleton has been shown to  
	 marginally improve the tenderness of some  
	 beef muscles (particularly those muscles or  
	 parts of muscle adjacent to sites of severance);
u	 chilling carcasses at higher-than-normal  
	 temperatures for a few hours immediately  
	 postmortem, and then at conventional  
	 temperatures, marginally increases tenderness  
	 but could increase growth of foodborne  
	 pathogens;
u	 chilling carcasses in a 48-hour, rather than   
	 24-hour, cycle substantially increases percent  
	 acceptability in tenderness of beef muscles; 		
	 and 
u	 very fast chilling of beef carcasses is  
	 incompletely researched but does not appear  
	 to be useful for improvement of beef tenderness.   

Of pre-chilling/chilling tenderness interventions 
that are effective, their efficacy may more often 
be the result of preventing toughness than from 
increasing tenderness.
  
Of practices which can be employed (beyond 
what is done in government grading) to categorize 
the tenderness of beef carcasses in the cooler:  
u	 sorting of carcasses by use of physical  
	 characteristics (especially by identifying those  
	 with brighter muscle color, higher amounts of  
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Of greatest importance  

to the future of the  

U.S. beef industry,  

with respect to providing  

consistently tender products to 

our domestic and international 

customers and consumers,  

will be widespread  

application of Palatability  

Assurance Critical Control  

Point (PACCP) systems 

in concert with government  

certification/verification/ 

validation programs or as  

essential elements of industry 

branding programs.   

Until arriving at that  

destination, the industry 

 must continue to use  

the science and apply  

the technology that is  

described in this Review of  

Literature to do all that is  

possible to assure the  

tenderness of U.S. beef.
    

k



13

Aalhus, J.  2002.  Carcass cooling, suspension and aging.  Proc. 
Beef Palatability Enhancement Workshop (Calgary, Alberta, 
Canada). pp. 1-6.
 
Aalhus, J.L., W.M. Robertson, M.E.R. Dugan and D.R. Best.  
2002.  Very fast chilling of beef carcasses.  Can. J. Anim. Sci. 
82:59-67.
 
Aalhus, J.L., J.A.M. Janz, A.K.W. Tong, S.D.M. Jones and 
W.M. Robertson.  2001.  The influence of chilling rate and fat 
cover on beef quality.  Can. J. Anim. Sci. 81:321-330.
 
Baublits, R.T., F.W. Pohlman, A.H. Brown, Jr. and Z.B. 
Johnson.  2005.  Effects of sodium chloride, phosphate type and 
concentration, and pump rate on beef biceps femoris quality and 
sensory characteristics.  Meat Sci. 70:205-214.
 
 Beaty, S.L., J.K. Apple, L.K. Rakes and D.L. Kreider.  1999.  
Early postmortem skeletal alteration effect on sarcomere length, 
myofibrillar fragmentation, and muscle tenderness of beef from 
light-weight Brangus heifers.  J. Muscle Foods 10:67-78.
 
Belk, K.E., M.H. George, J.D. Tatum, G.G. Hilton, R.K. Miller, 
M. Koohmaraie, J.O. Reagan and G.C. Smith.  2001.  Evalua-
tion of the Tendertec beef grading instrument to predict the ten-
derness of steaks from beef carcasses.  J. Anim. Sci. 79:688-697.
 
Belk, K.E., J.A. Scanga, A.M. Wyle, R.C. Cannell, D.M. Wulf, 
J.D. Tatum, J.O. Reagan and G.C. Smith.  2000.  The use of 
video image analysis and instrumentation to predict beef palat-
ability.  Proc. Recipr. Meat Conf.  53:10-15.
 
Berge, P., P. Ertbjerg, L.M. Larsen, T. Astruc, X. Vignon and 
A.J. Moller.  2001.  Tenderization of beef by lactic acid injected 
at different times post mortem.  Meat Sci. 57:347-357. 
 
Berry, L. and C.A. Shuttleworth.  1988.  Bacterial collagenase 
and collagen identification.  Connect. Tissue Res. 17:217-222.
 
Berry, B.W., G.C. Smith and Z.L. Carpenter.  1974.  Relation-
ships of certain muscle, cartilage and bone traits to tenderness of 
the beef longissimus.  J. Food Sci.  39:819-824.
 
Boleman, S.J., S.L. Boleman, R.K. Miller, J.F. Taylor, H.R. 
Cross, T.L. Wheeler, M. Koohmaraie, S.D. Shackelford, M.F. 
Miller, R.L. West, D.D. Johnson and J.W. Savell.  1997.  Con-
sumer evaluation of beef of known categories of tenderness.  J. 
Anim. Sci. 75:1521-1524.
 
Boleman, S.J., S.L. Boleman, T.D. Bidner, K.W. McMillin and 
C.J. Monlezun.  1995.  Effects of postmortem time of calcium 
chloride injection on beef tenderness and drip, cooking and total 
loss.  Meat Sci. 39:35-41.
 
Bouton, P.E., P.V. Harris, J.J. Macfarlane and J.M. O’Shea.  
1977a.  Effect of pressure treatments on the mechanical proper-
ties of pre- and post-rigor meat.  Meat Sci. 1:307-318.
 
Bouton, P.E., A.L. Ford, P.V. Harris, J.J. Macfarlane and J.M. 
O’Shea.  1977b.  Pressure-heat treatment of postrigor muscle: 
Effects on tenderness.  J. Food Sci. 42:132-135.
 
Bowling, R.A., T.R. Dutson, G.C.  Smith and J.W. Savell.  1987.  
Effects of cryogenic chilling on beef carcass grade, shrinkage and 
palatability characteristics.  Meat Sci. 21:67-72.
 

Bratcher, C.L., D.D. Johnson, R.C. Littell and B.L. Gwartnery.  
2005.  The effects of quality grade, aging and location within 
muscle on Warner-Bratzler shear force in beef muscles of loco-
motion.  Meat Sci.  70:279-284.

Burke, R.M. and F.J. Monahan.  2003.  The tenderization of shin 
beef using a citrus juice marinade.  Meat Sci. 63:161-168.
 
Cannell, R.C., K.E. Belk, J.D. Tatum and G.C. Smith.  2000.  A 
comparison of Expert USDA Quality Grades, the RMS-Cana-
dian Vision System and the Hunter/CSU BeefCAM

TM
 for sorting 

beef carcasses into expected-palatability groups.  Mimeograph 
Report.  Meat Science Program, Department of Animal Sciences, 
Colorado State University, Fort Collins, CO. pp. 1-8.
 
Cannell, R.C., K.E. Belk, C.D. Bunting, J.D. Tatum and G.C. 
Smith.  1997.  Ability of the HunterLab Color Vision System 
to augment grading accuracy and to predict tenderness of beef.  
Proc. Recipr. Meat Conf. 50:158(Abstr.).
 
Carr, M.A., K.L. Crockett, C.B. Ramsey and M.F. Miller.  2004.  
Consumer acceptance of calcium chloride-marinated top loin 
steaks.  J. Anim. Sci. 82:1471-1474.
 
Choat, W.T., J.A. Paterson, B.M. Rainey, M.C. King, G.C. 
Smith, K.E. Belk and R.J. Lipsey.  2006.  The effects of cattle sex 
on carcass characteristics and longissimus muscle palatability.  J. 
Anim. Sci. 84:1820-1826.
 
Claus, J.R., C.J. Ludwig, H. Wang and N.G. Marriott.  1993.  
Selected skeletal alteration to improve beef tenderness.  Proc. 
Recipr. Meat Conf. 46:71 (Abstr.).
 
Cundiff, L.V. and K.E. Gregory.  1994.  Effect of biological type 
and breed on beef quality.  Research reports from the U.S. Meat 
Animal  Research Center, Clay Center, NE.
 
Davis, G.W., G.C. Smith and Z.L. Carpenter.  1977.  Effect of 
blade tenderization on storage-life, retail caselife and palatability 
of beef.  J. Food Sci.  42:330-337.
 
Davis, K.A., D.L. Huffman and J.C. Cordray.   1975.  Effect of 
postmortem treatments on quality of forage fed beef.  J. Anim. 
Sci. 40:167(Abstr.).
 
Dikeman, M.E., E.J. Pollak, Z. Zhang, D.W. Moser, C.A. Gill 
and E.A. Dressler.  2005.  Phenotypic ranges and relationships 
among carcass and meat palatability traits for fourteen cattle 
breeds, and heritabilities and expected progeny differences for 
Warner-Bratzler shear force in three cattle breeds.  J. Anim. Sci. 
83:2461-2467.
 
Dikeman, M.E., M.C. Hunt, P.B. Addis, H.J. Schoenbeck, M. 
Pullen, E. Katsandis and E.J. Yancey.  2003.  Effects of postex-
sanguination vascular infusion of cattle with a solution of saccha-
rides, sodium chloride, and phosphates or with calcium chloride 
on quality and sensory traits of steaks and ground beef.  J. Anim. 
Sci. 81:156-166.
 
Diles, J.J.B., M.F. Miller and B.L. Owen.  1994.  Calcium 
chloride concentration, injection time and aging period effects on 
tenderness, sensory and retail color attributes of loin steaks from 
mature cows.  J. Anim. Sci. 72:2017-2021.
 
Dolezal, H.G.  2002.  Overview of in-plant interventions and 
strategies.  Proc. Beef Palatability Enhancement Workshop (Cal-
gary,  Alberta, Canada). pp. 1-7.
 

References

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44



14

Dolezal, H.G., G.C. Smith, J.W. Savell and Z.L. Carpenter.  1982.  
Comparison of subcutaneous fat thickness, marbling and quality 
grade for predicting palatability of beef.   J. Food Sci.  47:397-401.
 
Eastridge, J.S., M.B. Solomon, R.L. West and C.C. Chase.  2000.  
Tenderizing meat from Brahman cattle: Hydrodynamic pressure 
process and within-muscle effects for bottom round.  J. Anim. Sci. 
78(Suppl. 1):161(Abstr.).
 
Eilers, J.D., J.D. Tatum, J.B. Morgan and G.C. Smith.  1996.  
Modification of early-postmortem muscle pH and use of postmor-
tem aging to improve beef tenderness.   J. Anim. Sci. 74:790-798.
 
Eilers, J.D., J.B. Morgan, A.M. Martin, R.K. Miller, D.S. Hale, 
G.R. Acuff and J.W. Savell.  1994.  Evaluation of calcium chloride 
and lactic acid injection on chemical, microbiological and descrip-
tive attributes of mature cow beef.  Meat Sci. 38:443-451.
 
Everts, A., D. Wulf and R. Maddock.  2007.  Consumer ratings of 
pH-enhanced meat.  2007 Plant Operations Issue, The National 
Provisioner, pp. 38-40.
 
Farouk, M.M. and J.F. Price.  1994.  The effect of post-exsangui-
nation infusion on the composition, exudation, color and post-mor-
tem metabolic changes in lamb.  Meat Sci. 38:477-496.
 
Farouk, M.M., J.F. Price, A.M. Salih and R.J. Burnett.  1992a.  
The effect of postexsanguination infusion of beef on composition, 
tenderness and functional properties.  J. Anim. Sci. 70:2773-2778.
 
Farouk, M.M., J.F. Price and A.M. Salih.  1992b.  Post-exsangui-
nation infusion of ovine carcasses; Effect on tenderness indicators 
and muscle microstructure.  J. Food Sci. 57:1311-1315.
 
Ferguson, D., J. Thompson and R. Polkinghorne.  1999.  Meat 
Standards Australia.  A PACCP based beef grading scheme for con-
sumers.  Proc. International Congr. Meat Sci. Technol.  45:16-18.
 
Fields, P.A., Z.L. Carpenter and G.C. Smith.  1976.  Effects of 
elevated temperature conditioning on youthful and mature beef 
carcasses.  J. Anim. Sci. 42:72-83.
 
Foegeding, E.A. and D.K. Larrick.  1986.  Tenderization of beef 
with bacterial collagenase.  Meat Sci. 18:201-210.
 
George, M.H., J.D. Tatum, K.E. Belk and G.C. Smith.  1999.  An 
audit of retail beef loin steak tenderness conducted in eight U.S. 
cities.  J. Anim. Sci. 77:1735-1741.
 
George-Evins, C.D., J.A. Unruh, J.L. Marsden and C.L. Kastner.  
2000a.  Effects of quality grade, aging period, blade tenderization 
and degree of doneness on tenderness of strip loin steaks.  Cattle-
men’s Day 2000.  Report of Progress 850. Kansas State University, 
Manhattan, KS. pp. 127-130.
 
George-Evins, C.D., J.A. Unruh, J.L. Marsden and C.L. Kastner.  
2000b.  A survey on the use of blade tenderizers by beef fabrication 
plants.  Cattlemen’s Day 2000.  Report of Progress 850.  Kansas 
State University, Manhattan, KS. pp. 119-120.
 
Glover, E.E., E.D. Aberle, V.E. Sweat, F.J. Babel and M.D. 
Judge.  1977.  Effect of chilling temperature on postmortem 
changes, microbial load and tenderness in beef.  J. Food Sci. 
42:1500-1503.
 

Grimes, L.M., G.K. Naganathan, J. Subbiah and C.R. Calkins.  
2007.  Hyperspectral imaging: A non-invasive technique to predict 
beef tenderness.  2007 Beef Cattle Report, University of Nebraska—
Lincoln.  MP90:97-99.
 
Gruber, S.L., J.D. Tatum, J.A. Scanga, P.L. Chapman, G.C. Smith 
and K.E. Belk.  2006.  Effects of postmortem aging and USDA 
quality grade on Warner-Bratzler shear force values of seventeen 
individual beef muscles.  J. Anim. Sci. 84:3387-3396.
 
Hale, D.S.  2002.  Palatability of ribeye steaks from Kane Packing 
Company.  Mimeograph Report.  Texas Agricultural Extension 
Service, Texas A&M University, College Station, TX. pp. 1-9.
 
Hammling, A.E. and C.R. Calkins.  2007a.  Enhancement of beef 
chuck and round muscles with ammonium hydroxide.  2007 Beef 
Cattle Report, University of Nebraska—Lincoln.  MP90:91.
 
Hammling, A.E. and C.R. Calkins.  2007b.  Effects of aging on beef 
chuck and round muscles enhanced with ammonium hydroxide 
and salt.  2007 Beef Cattle Report, University of Nebraska—Lin-
coln. MP90:92-93.
 
Hayward, L.H., M.C. Hunt, C.L. Kastner and D.H. Kropf.  1980.  
Blade tenderization effects of beef longissimus sensory and Instron 
textural measurements.  J. Food  Sci. 45:925-930 & 935.
 
Heller, C.E., J.A. Scanga, J.N. Sofos, K.E. Belk, W. Warren-Serna, 
G.R. Bellinger, R.T. Bacon, M.L. Rossman and G.C. Smith.  2007.  
Decontamination of beef subprimal cuts intended for blade-tender-
ization or moisture-enhancement.  J. Food Prot. 70:1174-1180. 
 
Herring, H.K., R.G. Cassens and E.J. Briskey.  1965.  Further stud-
ies on bovine muscle tenderness as influenced by carcass position, 
sarcomere length and fiber diameter.  J. Food Sci. 30:1049-1054.
 
Hostetler, R.L. and W.A. Landmann.  1968.  Photomicrographic 
studies of dynamic changes in muscle fiber fragments.  1. Effect 
of various heat treatments on length, width and birefringence.  J. 
Food Sci. 33:468-470.
 
Hostetler, R.L., Z.L.  Carpenter, G.C. Smith and T.R. Dutson.  
1975.  Comparison of postmortem treatments for improving the 
tenderness of beef.  J. Food Sci. 40:223-226.
 
Hostetler, R.L., B.A. Link, W.A. Landmann and H.A. Fitzhugh, 
Jr.  1973.  Effects of carcass suspension method on sensory panel 
scores for some major bovine muscles.  J. Food Sci. 38:264-267.
 
Hostetler, R.L., B.A. Link, W.A. Landman and H.A. Fitzhugh, Jr.  
1972.  Effect of carcass suspension on sarcomere length and shear 
force of some major bovine muscles.  J. Food Sci. 37:132-136.
 
Hostetler, R.L., W.A. Landman, B.A. Link and H.A. Fitzhugh, Jr.  
1970.  Influence of carcass position during rigor mortis on tender-
ness of beef muscles: Comparison of two treatments.   J. Anim. Sci. 
31:47-50.
 
Huffhines, C.P., G.C. Ledall, J.E. Cannon, J.D. Tatum, T.G. 
Field, M.A. Head, J.B. Morgan and G.C. Smith.  1993.  Carcass 
characteristics and cooked-steak palatability of straightbred Her-
eford steers and heifers and Hereford crossbred steers.  CSU Beef 
Program Report 1993:145-152.  Colorado State University, Fort 
Collins, CO.
 
Huffman, D.L.  1974.  An evaluation of the Tenderometer for mea-
suring beef tenderness.  J. Anim. Sci. 38:287-294.
 

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59



15

Huffman, K.L., M.F. Miller, L.C. Hoover, C.K. Wu, H.C. Brittin 
and C.B. Ramsey.  1996.  Effect of beef tenderness on consumer 
satisfaction with steaks consumed in the home and restaurant.   
J. Anim. Sci. 74:91-97.
 
Huffman, D.L., A.Z.  Palmer, J.W.  Carpenter, D.D. Hargrove 
and M. Koger.  1967.  Effect of breeding, level of feeding and 
antemortem injection of papain on the tenderness of weanling 
calves.  J. Anim. Sci. 26:290-293.
 
Hwang, I.H., C.E. Devine and D.L. Hopkins.  2003.  The bio-
chemical and physical effects of electrical stimulation on beef and 
sheep meat tenderness.  Meat Sci. 65:677-691.
 
Ilian, M.A., J.D. Morton, M.P. Kent, C.E. LeCouteur, J. 
Hickford, R. Cowley and R. Bickerstaffe.  2001.  Intermuscular 
variation in tenderness: Association with ubiquitous and muscle-
specific calpains.  J. Anim. Sci. 79:122-132.
 
Janz, J.A.M., J.L. Aalhus, M.E.R. Dugan and M.A. Price.  
2006.  A mapping method for the description of Warner-Bratzler 
shear force gradients in beef longissimus thoracis et lumborum and 
semitendinosus.  Meat Sci. 72:79-90.
 
Jones, B.K. and J.D. Tatum.  1994.  Predictors of beef tender-
ness among carcasses produced under commercial conditions.   
J. Anim. Sci. 72:1492-1501.
 
Joseph, R.L.  1996.  Very fast chilling of beef and tenderness—A 
report from an EU concerted action.  Meat Sci. 43:S217-S227.
 
Kang, C.K. and E.E. Rice.  1970.  Degradation of various meat 
fractions by tenderizing enzymes.  J. Food Sci. 35:563-577.
 
Kennick, W.H., E.A. Elgasim, Z.A. Holmes and P.F. Meyer.  
1980.  The effect of pressurization of pre-rigor muscle on post-
rigor meat characteristics.  Meat Sci. 4:33-40.
 
Koohmaraie, M., G. Whipple and J.D. Crouse.  1990.  Accelera-
tion of postmortem tenderization in lamb and Brahman-cross beef 
carcasses through infusion of calcium chloride.  J. Anim. Sci. 
68:1278-1283.
 
Kropf, D.H. and R.L. Graf.  1959.  The effect of grade, weight 
and class of beef carcasses upon certain chemical and sensory 
evaluations of beef quality.  Food Technol. 13:719-721.
 
Lansdell, J.L., M.F. Miller, T.L. Wheeler, M. Koohmaraie and 
C.B. Ramsey.  1995.  Postmortem injection of calcium chloride 
effects on beef quality traits.   J. Anim. Sci. 73:1735-1740.
 
Lawrence, T.E., M.E. Dikeman, M.C. Hunt, C.L. Kastner and 
D.E. Johnson.  2004.  Effects of enhancing beef longissimus with 
phosphate plus salt, or calcium lactate plus non-phosphate water 
binders plus rosemary extract.  Meat Sci. 67:129-137.
 
Lawrie, R.A.  1998.  The Eating Quality of Meat.  In: Lawrie’s 
Meat Science, 6th Ed., Technomic Publishing Company,  
Lancaster,  UK.
 
Li, C.B., Y.J. Chen, X.L. Xu, M. Huang, T.J. Hu and G.H. 
Zhou.  2006.  Effects of low-voltage electrical stimulation and 
rapid chilling on meat quality characteristics of Chinese Yellow 
crossbred bulls.  Meat Sci. 72:9-17.
 
Lochner, J.V., R.G. Kauffman and B.B. Marsh.  1980.  Early post-
mortem cooling rate and beef tenderness.  Meat Sci. 4:227-241.
 

Locker, R.H. and C.J. Hagyard.  1963.  A cold shortening effect 
in beef muscles.  J. Sci. Food. Agri. 14:787-793.
 
Ludwig, C.J., J.R. Claus, N.G. Marriott, J. Johnson and H. 
Wang.  1997.  Skeletal alteration to improve beef longissimus 
muscle tenderness.  J. Anim. Sci. 75:2404-2410.

Lusk, J.L. and T.C. Schroeder.  2002.  Framing effects and proce-
dural invariance evidence from incentive compatible auctions and 
choice experiments.  Working paper.  Mississippi State University, 
Starkville, MS.
 
Lusk, J.L., J.A. Fox, T.C. Schroeder, J. Mintert and M. 
Koohmaraie.  2001.  In-store valuation of steak tenderness.  Am. 
J. Agric. Econ. 83:539-550.
 
Machlik, S.M. and H.N. Draudt.  1963.  The effect of heating 
time and temperature on the shear of beef semitendinosus muscle.  
J. Food Sci. 28:711-718.
 
Macfarlane, J.J.  1973.  Pre-rigor pressurization of muscle: Ef-
fects on pH, shear value and taste panel assessment.  J. Food Sci. 
38:294-298.
 
Macfarlane, J.J. and I.J. McKenzie.  1976.  Pressure-induced 
solubilization of myofibrillar proteins.  J. Food Sci. 41:1442-1446.
 
Marsh, B.B. and N.G. Leet.  1966.  Studies in meat tenderness. 
III. The effects of cold shortening on tenderness.  J. Food Sci. 
31:450-459.
 
Marsh, B.B., J.V. Lochner, G. Takahashi and D.D. Kragness.  
1980.  Effects of early post mortem pH and temperature on beef 
tenderness.  Meat Sci. 5:479-483.
 
McGee, M.R., K.L. Henry, J.C. Brooks, F.K. Ray and J.B. 
Morgan.  2003.  Injection of sodium chloride, sodium tripolyphos-
phate, and sodium lactate improves Warner-Bratzler shear and 
sensory characteristics of pre-cooked inside round roasts.  Meat 
Sci. 64:273-277.
 
McIntosh, E.N.  1967.  Effects of post-mortem aging and enzyme 
tenderizers on mucoprotein of bovine skeletal muscle.  J. Food 
Sci. 32:210-213.
 
McIntosh, E.N. and A.F. Carlin.  1963.  The effect of papain 
preparations on beef skeletal proteins.  J. Food Sci. 28:283-285.
 
McKeith, F.K., G.C. Smith, J.W. Savell, T.R. Dutson, Z.L. 
Carpenter and D.R. Hammons.  1981a.  Effects of certain electri-
cal stimulation parameters on quality and palatability of beef.  J. 
Food Sci. 46:13-18.
 
McKeith, F.K., J.W. Savell and G.C. Smith.  1981b.  Tenderness 
improvement of the major muscles of the beef carcass by electrical 
stimulation.  J. Food Sci.  46:1774-1776.
 
Mies, P.D., K.E. Belk, G.C. Smith and J.D. Tatum.  1998.  Ef-
fects of postmortem aging on beef tenderness and aging guide-
lines to maximize tenderness of different beef subprimal cuts.  
White Paper for the National Cattlemen’s Beef Association.  
Department of Animal Sciences, Colorado State University, Fort 
Collins, CO.  pp. 1-28.
 
Miller, M.F., M.A. Carr, C.B. Ramsey, K.L. Crockett and L.C. 
Hoover.  2001.  Consumer thresholds for establishing the value of 
beef tenderness.  J. Anim. Sci. 79:3062-3068.
 

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106



16

Miller, M.F., K.L. Huffman, S.G. Gilbert, L. Hamman and C.B. 
Ramsey.  1995.  Retail consumer acceptance of beef tenderized 
with calcium chloride.  J. Anim. Sci. 73:2308-2314.
 
Miller, M.F., G.W. Davis, S.C. Seideman, C.B. Ramsey and T.L. 
Rolan.  1988.  Effects of papain, ficin and spleen enzymes on 
textural, visual, cooking and sensory properties of beef bullock 
restructured steaks.  J. Food Qual. 11:321-330.

Moran, T. and E.C. Smith.  1929.  Post-mortem changes in animal tis-
sues, the conditioning or ripening of beef.  Food Invest. Board, Special 
Report 26.  His Majesty’s Stationery Office, London, England.
 
Morgan, J.B.  1992.  Tenderness problems and potential solutions.  
In Improving the consistency and competitiveness of beef—The 
Final Report of the National Beef Quality Audit—1991 (Smith et 
al., 1992).  pp. 180-187.
 
Morgan, J.B., G.C. Smith, K.E. Belk, S.W. Neel, J.A. Sherbeck, 
S.K. Fitzgerald, C.C. Kukay and W. Radakovich.  1994.  Interna-
tional Beef Quality Audit--Executive Summary. US Meat Export 
Federation, National Cattlemen’s Association, USDA Agricultural 
Marketing Service, and Colorado State University, Fort Collins, 
CO.  pp. 1-10.
 
Morgan, J.B., R.K. Miller, F.M. Mendez, D.S. Hale and J.W. 
Savell.  1991.  Using calcium chloride injection to improve tender-
ness of beef from mature cows.  J. Anim. Sci. 69:4469-4476.
 
NCA.  1994.  National Beef Tenderness Conference, Executive 
Summary.  National Cattlemen’s Association, Englewood, CO.
 
Neely, T.R., C.L. Lorenzen, R.K. Miller, J.D. Tatum, J.W. Wise, 
J.F. Taylor, M.J. Buyck, J.O. Reagan and J.W. Savell.  1998.  
Beef customer satisfaction: Role of cut, USDA quality grade, and 
city on in-home consumer ratings.  J. Anim. Sci. 76:1027-1033.
 
O’Connor, S.F., J.D. Tatum, R.D. Green and G.C. Smith.  1996.  
Identification of “Genetic Critical Control Points” for improving 
beef tenderness.  Phase II. Final Report to the National Cattle-
men’s Association. Department of Animal Sciences, Colorado State 
University, Fort Collins, CO.
 
Oklahoma State  University.  2003.  Prediction of beef tenderness 
from spectral reflectance.  Final Report to National Cattlemen’s 
Beef Association by the Meat Science Group, Department of Ani-
mal Science, Stillwater, OK.  pp. 1-34.
 
Orts, F.A., G.C. Smith and R.L. Hostetler.  1971.  Texas A&M 
“Tenderstretch.”  Bulletin L-1003.  Texas A&M University, Texas 
Agri. Ext. Serv., College Station,  TX.
 
Park, B., Y.R. Chen, W.R. Hruschka, S.D. Shackelford and M. 
Koohmaraie.  1998.  Near-infrared reflectance analysis for predict-
ing beef longissimus tenderness.  J. Anim. Sci. 76:2115-2120.
 
Parrish, F.C., Jr., J.A. Boles, R.E. Rust and D.G. Olson.  1991.  
Dry and wet aging effects on palatability attributes of beef loin and 
rib steaks from three quality grades.  J. Food Sci. 56:601-603.
 
Parrish, F.C., Jr., R.B. Young, B.E. Miner and L.D. Anderson.  
1973.  Effect of postmortem conditions on certain chemical,  
morphological and organoleptic properties of bovine muscle.   
J. Food Sci. 38:690-695.
 
Phoya, R.K.D. and P.A. Will.  1986.  The influence of hot-boning 
and delay chilling on tenderness of mature cow carcasses hung by 
the obturator foramen.  J. Food Qual. 9:67-75.
 

Platter, W.J., J.D. Tatum, K.E. Belk, S.R. Koontz, P.L. Chapman 
and G.C. Smith.  2005.  Effects of marbling and shear force on 
consumers’ willingness to pay for beef strip loin steaks.  J. Anim. 
Sci. 83:890-899.
 
Platter, W.J., J.D. Tatum, K.E. Belk, J.A. Scanga and G.C. Smith.  
2003a.  Effects of repetitive use of hormonal implants on beef car-
cass quality, tenderness and consumer ratings of beef palatability.  
J. Anim. Sci. 81:984-996.
 
Platter, W.J., J.D. Tatum, K.E. Belk, P.L. Chapman, J.A. Scanga 
and G.C. Smith.  2003b.  Relationships of consumer sensory rat-
ings, marbling score, and shear force value to consumer acceptance 
of beef strip loin steaks.  J. Anim. Sci. 81:2741-2750.
 
Rhee, M.S., T.L. Wheeler, S.D. Shackelford and M. Koohmaraie.  
2004.  Variation in palatability and biochemical traits within and 
among eleven beef muscles.  J. Anim. Sci. 82:534-550.
 
Ritchey, S.J. and R.L. Hostetler.  1965.  The effect of small 
temperature changes on two beef muscles as determined by panel 
scores and shear force values.  Food Technol. 19:1275-1278.
 
Robinson, H.E. and P.A. Goeser.  1962.  Enzymatic tenderization 
of meat.  J. Home Econ. 54:195-199.
 
Roeber, D.L. and R.C. Cannell.  1998.  Preliminary results of tests 
of electrical stimulation of beef carcasses.   Mimeograph Report.  
Meat Science Program, Department of Animal Sciences, Colorado 
State University, Fort Collins, CO.  pp. 1-4.
 
Roeber, D.L., R.C. Cannell, K.E. Belk, J.D. Tatum and G.C. 
Smith.  2000.  Effects of a unique application of electrical stimula-
tion on tenderness, color and quality attributes of the beef longis-
simus muscle.  J. Anim. Sci. 78:1504-1509.
 
Roen, S.  2004.  Five year, checkoff funded carcass merit project.  
Western Livestock Journal (June Issue). pp. 18-21.
 
Savell, J.W.  1982.  Electrical stimulation: An overview of the 
worldwide science and technology associated with its use to im-
prove meat quality and palatability.  Proc. International Sympo-
sium Meat Sci. Technol. (Lincoln, NE). pp. 79-89.
 
Savell, J.W., S.L. Mueller and B.E. Baird.  2005.  Review: The 
chilling of carcasses.  Meat Sci. 70:449-459.
 
Savell, J.W., T.R. Dutson, G.C. Smith and Z.L. Carpenter.  1978.  
Structural changes in electrically stimulated beef muscle.  J. Food 
Sci.  43:1606-1609.
 
Savell, J.W., G.C. Smith and Z.L. Carpenter.  1977a.  Blade ten-
derization of four muscles from three weight-grade groups of beef.  
J. Food Sci. 42:866-870.
 
Savell, J.W., G.C. Smith, T.R. Dutson, Z.L. Carpenter and D.A. 
Suter.  1977b.  Effect of electrical stimulation on palatability of 
beef, lamb and goat meat.  J. Food Sci.  42:702-705.
 
Scanga, J.A., R.J. Delmore, Jr., R.P. Ames, K.E. Belk, J.D. 
Tatum and G.C. Smith.  2000.  Palatability of beef steaks marinated 
with solutions of calcium chloride, phosphate and (or) beef flavoring.  
Meat Sci. 55:397-401.
 
Schwartz, W.C. and R.W. Mandigo.  1974.  Effects of conveyor 
speed on mechanical tenderization of beef inside rounds.  J. Anim. 
Sci. 39:174(Abstr.).
 

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122



17

Seideman, S.C., G.C. Smith, Z.L. Carpenter and W.H. Marshall.  
1977.  Blade tenderization of beef psoas major and semitendinosus 
muscles.  J. Food Sci.  42:1510-1512.
 
Shackelford, S.D., T.L. Wheeler and M. Koohmaraie.  2005.  
On-line classification of U.S. Select beef carcasses for longissimus 
tenderness using visible and near-infrared reflectance spectros-
copy.  Meat Sci. 69:409-415.
 
Shackelford, S.D., T.L. Wheeler, M.K. Meade, J.O. Reagan, 
B.L. Byrnes and M. Koohmaraie.  2001.  Consumer impressions 
of Tender Select Beef.  J. Anim. Sci. 79:2605-2614.
 
Shackelford, S.D., T.L. Wheeler and M. Koohmaraie.  1999.  
Tenderness classification of beef.  II. Design and analysis of a 
system to measure beef longissimus shear force under commercial 
processing conditions.  J. Anim. Sci. 77:1474-1481.
 
Shanks, B.C., D.M. Wulf, B.J. Reuter and R.J. Maddock.  2002.  
Increasing tenderness of beef round and sirloin muscles through 
prerigor skeletal separations.  J. Anim. Sci. 80:123-128.
 
Sherbeck, J.A., J.D. Tatum, T.G. Field, J.B. Morgan and G.C. 
Smith.  1996.  Effect of phenotypic expression of Brahman breed-
ing on marbling and tenderness traits.  J. Anim. Sci. 74:304-309.
 
Sherbeck, J.A., J.D. Tatum, T.G. Field, J.B. Morgan and G.C. 
Smith.  1995.  Feedlot performance, carcass traits and palatability 
traits of Hereford and Hereford X Brahman steers.  J. Anim. Sci. 
73:3613-3620.
 
Smith, G., J. Savell, B. Morgan, T. Lawrence, K. Belk, T. Field, 
L. Garcia, D. Griffin, D. Hale, T. Hoffman, J. Scanga, D. Tatum, 
D. VanOverbeke, K. Voges, R. Ruppert, G. Cowman, J. Braly 
and J. Reagan.  2006.  National Beef Quality Audit—2005: A 
New Benchmark for the U.S. Beef Industry; “Staying On Track.”  
Final Report to the National Cattlemen’s Beef Association 
(Centennial, CO).  Prepared by Colorado State University (Fort  
Collins, CO), Texas A&M University (College  Station, TX), 
Oklahoma State University (Stillwater, OK) and West Texas 
A&M University (Canyon, TX).
 
Smith, G.C., J.W. Savell, H.R. Cross, Z.L. Carpenter, C.E. Mur-
phey, G.W. Davis, H.C. Abraham, F.C. Parrish, Jr. and B.W. 
Berry.  1987.  Relationship of USDA quality grades to palatabil-
ity of cooked beef.  J. Food Qual. 10:269-286.
 
Smith, G.C., Z.L. Carpenter, H.R. Cross, C.E. Murphey, H.C. 
Abraham, J.W. Savell, G.W. Davis, B.W. Berry and F.C. Parrish, 
Jr.  1984.  Relationship of USDA marbling scores to palatability 
of cooked beef.  J. Food Qual.  7:289-308.
 
Smith, G.C., H.R. Cross, Z.L. Carpenter, C.E. Murphey, J.W. 
Savell, H.C. Abraham and G.W. Davis.  1982.  Relationship of 
USDA maturity groups to palatability of cooked beef.  J. Food 
Sci.  47:1100-1107.
 
Smith, G.C., J.W. Savell, T.R. Dutson, R.L. Hostetler, R.N. 
Terrell, C.E. Murphey and Z.L. Carpenter.  1980.  Effects of 
electrical stimulation on beef, pork, lamb and goat meat.  Proc. 
European Meat Research Workers Conf. 26:2, H-5.
 
Smith, G.C., S.C. Seideman and Z.L. Carpenter.  1979a.  Blade 
tenderization effects on cooking and palatability characteristics 
of steaks from bullock and cow carcasses.  J. Food Protection.  
42:563-566.
 

Smith, G.C., T.G. Jambers, Z.L. Carpenter, T.R. Dutson, R.L. 
Hostetler and W.M. Oliver.  1979b.  Increasing the tenderness of 
forage-fed beef.  J. Anim. Sci. 49:1207-1218.
 
Smith, M.E., C.L. Kastner, M.C. Hunt, D.H. Kropf and D.M. 
Allen.  1979.  Elevated conditioning temperature effects on beef 
carcasses from four nutritional regimes.  J. Food Sci. 44:158-163.
 
Smith, G.C., G.R. Culp and Z.L. Carpenter.  1978.  Postmortem 
aging of beef carcasses.  J. Food Sci.  43:823-826.

Smith, G.C., R.L. West, R.H. Rea and Z.L. Carpenter.  1973.  
Increasing the tenderness of bullock beef by use of antemortem 
enzyme injection.  J. Food Sci. 38:182-183.
 
Smith, G.C., T.C. Arango and Z.L. Carpenter.  1971.  Effects of 
physical and mechanical treatments on the tenderness of the beef 
longissimus.  J. Food Sci. 36:445-449.
 
Smulders, F.J.M., F. Toldra, J. Flores and M. Prieto.  1992.  
New technologies for meat and meat products.  Audet Tijd-
schriften, Utrecht, The Netherlands.  pp. 182-188.
 
Solomon, M.B., J.B. Long, J.S. Eastridge, H. Zuckerman and 
B.W. Berry.  1997a.  New technology to instantaneously tender-
ize meat.  Proc. Recipr. Meat Conf. 50:165-166(Abstr.).
 
Solomon, M.B., J.B. Long and J.S. Eastridge.  1997b.  The  
Hydrodyne—A new process to improve beef tenderness.  J. 
Anim. Sci. 75:1534-1537.
 
Stiffler, D.M., C.L. Griffin, C.E. Murphey, G.C. Smith and J.W. 
Savell.  1985.  Characterization of cutability and palatability 
attributes among different slaughter groups of beef cattle.  Meat 
Sci.  13:167-183.
 
Stiffler, D.M., J.W. Savell, G.C. Smith, T.R. Dutson and Z.L. 
Carpenter.  1982.  Electrical stimulation: Purpose, application 
and results.  Bulletin B-1375.  Texas Agri. Extension Service, 
Texas A&M University, College Station, TX.
 
Swatland, H.J., J.C. Brooks and M.F. Miller.  1998.  Possibilities 
for predicting taste and tenderness of broiled beef steaks using an 
optical-electromechanical probe.  Meat Sci. 50:1-12.
 
Tatum, J.D., G.C. Smith and K.E. Belk.  2000.  New approaches 
for improving tenderness, quality and consistency of beef.  J. 
Anim. Sci.  Available at http://www.asas.org/jas/symposia/proceedings.

Tatum, J.D., K.E. Belk, M.H. George and G.C. Smith.  1999a. 
Identification of quality management practices to reduce the 
incidence of retail beef tenderness problems: Development and 
evaluation of a prototype quality system to produce tender beef.  
J. Anim. Sci. 77:2112-2118.

Tatum, J.D., D.J. Vote, W.J. Platter, G.R. Schmidt, K.E. Belk, 
J.A. Scanga and G.C. Smith.  1999b.   Procedures for “enhanc-
ing” beef.  Final Report to the ConAgra Corporation, Meat Sci-
ence Program, Department of Animal Sciences, Colorado State 
University, Fort Collins, CO.  pp. 1-18.
 
Tatum, J.D., M.H. George, K.E. Belk and G.C. Smith.  1998.  
An overview of a TQM approach for improving beef tenderness.  
Mimeograph Report. Meat Science Program, Department of 
Animal Sciences, Colorado State University, Fort Collins, CO.  
pp. 1-6.
 

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150



18

Tatum, J.D., M.H. George, K.E. Belk and G.C. Smith.  1997.  
Development of a Palatability Assurance Critical Control Points 
(PACCP) model to reduce the incidence of beef palatability prob-
lems.  Final Report to the National Cattlemen’s Beef Association.  
Department of Animal Sciences, Colorado State University, Fort 
Collins, CO.
 
Tatum, J.D., G.C. Smith and Z.L. Carpenter.  1982.  Interrelation-
ships between marbling, subcutaneous fat thickness and cooked 
beef palatability.  J. Anim. Sci.  54:777-784.
 
Tatum, J.D., G.C. Smith and Z.L. Carpenter.  1978.  Blade tender-
ization of steer, cow and bull beef.  J. Food Sci.  43:819-822.
 
Taylor, R.G., G.H. Geesink, V.F. Thompson, M. Koohmaraie and 
D.E. Goll.  1995.  Is Z-disk degradation responsible for postmor-
tem tenderization.  J. Anim. Sci. 73:1351-1367.
 
Van Moeseke, W., S. De Smet, E. Claeys and D. Demeyer.  2001.  
Very fast chilling of beef: Effects on meat quality.  Meat Sci. 59:31-37.
 
Vote, D.J.  2003.  Instrument grading of beef.  Ph.D. Dissertation.  
Meat Science Program, Department of Animal Sciences, Colorado 
State University, Fort Collins, CO. pp. 1-68.
 
Vote, D.J., K.E. Belk, J.D. Tatum, J.A. Scanga and G.C. Smith.  
2003.  Online prediction of beef tenderness using a computer vision 
system equipped with a BeefCam module.  J. Anim. Sci. 81:457-465.
 
Vote, D.J., W.J. Platter, J.D. Tatum, G.R. Schmidt, K.E. Belk, G.C. 
Smith and N.C. Speer.  2000.  Injection of beef strip loins with solu-
tions containing sodium tripolyphosphate, sodium lactate and sodium 
chloride to enhance palatability.  J. Anim. Sci. 78:952-957.
 
Wang, H., J.R. Claus and N.G. Marriott.  1996.  Prerigor treat-
ment and endpoint temperature effects on U.S. Choice beef tender-
ness.  J. Muscle Foods. 7:45-54.
 
Wang, H., J.R. Claus and N.G. Marriott.  1994.  Selected skeletal 
alterations to improve tenderness of beef round muscles.  J. Muscle 
Foods 5:137-147.
 
Wang, H., C.E. Weir, M.L. Birkner and B. Ginger.  1958.  Stud-
ies on enzymatic tenderization of meat. III. Histological and panel 
analyses of enzyme preparations from three distinct sources.  Food 
Research 23:423-431.
 
Wang, H., C.E. Weir, M. Birkner and B. Ginger.  1957.  The influ-
ence of enzyme tenderizers on the structure and tenderness of beef.  
Proc. Meat Research Conf. 9:69-82.
 
Warren, K.E. and C.L. Kastner.  1992.  A comparison of dry-aged 
and vacuum-aged beef strip loins.  J. Muscle Foods 3:151-158.
 
Weatherly, B.H., C.L. Lorenzen and J.W. Savell.  1998.  Deter-
mining optimal aging times for beef subprimals.  J. Anim. Sci. 
76(Suppl. 1):598 (Abstr.).
 
Wheeler, T.L., D. Vote, J.M. Leheska, S.D. Shackelford, K.E. 
Belk, D.M. Wulf, B.L. Gwartney and M. Koohmaraie.  2002.  The 
efficacy of three objective systems for identifying beef cuts that can 
be guaranteed tender.  J. Anim. Sci. 80:3315-3327.
 
Wheeler, T.H., S.D. Shackelford and M. Koohmaraie.  1999.    
Tenderness classification of beef.  IV. Effect of USDA quality grade 
on the palatability of “tender” beef longissimus when cooked well 
done.  J. Anim. Sci. 77:882-888.
 

Wheeler, T.L., M. Koohmaraie and S.D. Shackelford.  1994.  
Reducing inconsistent beef tenderness with calcium-activated ten-
derization.  Proc. Meat Ind. Research Conf. pp. 119-130.
 
Wheeler, T.L., M. Koohmaraie, J.L. Lansdell, G.R. Siragusa and 
M.F. Miller.  1993.  Effects of postmortem injection time, injection 
level and concentration of calcium chloride on beef quality traits.  
J. Anim. Sci. 71:2965-2974.
 
Wheeler, T.L., M. Koohmaraie, and J.D. Crouse.  1991.  Effects 
of calcium chloride injection and hot boning on the tenderness of 
round muscles.  J. Anim. Sci. 69:4871-4875.
 
Whipple, G., M. Koohmaraie, M.E. Dikeman and J.D. Crouse.  
1990.  Effects of high-temperature conditioning on enzymatic activ-
ity and tenderness of Bos indicus longissimus muscle.  J. Anim. Sci. 
68:3654-3662.
 
Wulf, D. and R. Maddock.  2007.  Consumer palatability of 
BPI-enhanced steaks.  2007 Plant Operations Issue, The National 
Provisioner, pp. 33-36.
 
Wulf, D.M. and J.K. Page.  2000.  Using measurements of muscle 
color, pH, and electrical impedance to augment the current USDA 
beef quality grading standards and improve the accuracy and preci-
sion of sorting carcasses into palatability groups.  J. Anim. Sci. 
78:2595-2607.
 
Wulf, D.M., S.F. O’Connor, J.D. Tatum and G.C. Smith.  1997.  
Using objective measures of muscle color to predict beef longissimus 
tenderness.  J. Anim. Sci.  75:684-692.
 
Wyle, A.M.  2000.  An evaluation of the palatability attributes of 
six beef product lines and the effectiveness of using the HunterLab 
BeefCAM SystemTM to predict beef palatability.  M.S. Thesis.  
Department of Animal Sciences, Colorado State University, Fort 
Collins, CO.  pp. 1-60.
 
Wyle, A.M., D.J. Vote, D.L. Roeber, R.C. Cannell, K.E. Belk, J.A. 
Scanga, M. Goldberg, J.D. Tatum and G.C. Smith.  2003.  Effective-
ness of SmartMV prototype BeefCam System to sort beef carcasses 
into expected palatability groups.  J. Anim. Sci. 81:441-448.
 
Wyle, A.M., R.C. Cannell, K.E. Belk, M. Goldberg, R. Riffle and 
G.C. Smith.  1998.  An evaluation of the portable HunterLab Video 
Imaging System (BeefCAMTM) as a tool to predict tenderness of 
steaks from beef carcasses using objective measures of lean and fat 
color.  Final Report to the National Cattlemen’s Beef Association.  
Department of Animal Sciences, Colorado State University, Fort 
Collins, CO.
 
Yancey, E.J., M.E. Dikeman, P.B. Addis, E. Katsanidis and M. 
Pullen.  2002a.  Effects of vascular infusion with a solution of sac-
charides, sodium chloride, and phosphates with or without vitamin 
C on carcass traits, Warner-Bratzler shear force, flavor-profile and 
descriptive-attribute characteristics of steaks and ground beef from 
Charolais cattle.  Meat Sci. 60:341-347.
 
Yancey, E.J., M.E. Dikeman, P.B. Addis, E. Katsanidis and M. 
Pullen.  2002b.  Effects of vascular infusion with a solution of sac-
charides; sodium chloride; phosphates; and vitamins C, E, or both 
on carcass traits, Warner-Bratzler shear force, and palatability 
traits of steaks and ground beef.  J. Anim. Sci. 80:1904-1910.
 
Zuckerman, H., B.W. Berry, J.S. Eastridge and M.B. Solomon.  
2002.  Shear force mapping: A tool for tenderness measurement.   
J. Muscle Foods 13:1-12.
  
 

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179



 

For more information contact:
Center for Research & Knowledge Management

National Cattlemen’s Beef Association  
9110 E. Nichols Ave.  •  Suite 300  

 Centennial, CO 80112  
 303-694-0305    

www.beefresearch.org
 

COPYRIGHT©2008   
CATTLEMEN’S BEEF BOARD   

ALL RIGHTS RESERVED.   
PRINTED IN U.S.A. 

1-2008  4,000  ITEM #12813


