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Introduction

In beef cattle production, anabolic implants and 
beta-adrenergic agonists (B-AA) are the 2 most com-
monly employed growth-promoting technologies (GP). 
Duckett and Pratt (2014) conducted a comprehensive 
review of the literature and reported that implants can 
increase ADG by 18%, carcass weight by 5%, and rib-
eye area by 4%. Lean et al. (2014) conducted a meta-
analysis of the available B-AA data and reported that 
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Abstract: The objective of the study was to exam-
ine the effect of growth-promoting technologies (GP) 
on Longissimus lumborum steak tenderness, muscle 
fiber cross-sectional area (CSA), and collagen solubility. 
Crossbred feedlot heifers (n = 33; initial BW 464 ± 6 kg) 
were blocked by BW and assigned to 1 of 3 treatments: 
no GP (CON; n = 11); implant, no zilpaterol hydrochlo-
ride (IMP; n = 11); implant and zilpaterol hydrochloride 
(COMBO; n  = 11). Heifers assigned to receive an 
implant were administered Component TE-200 on d 0 
of the study, and the COMBO group received 8.3 mg/
kg DM of zilpaterol hydrochloride for the final 21 d of 
feeding with a 3 d withdrawal period. Following har-
vest, strip loins were collected and fabricated into 4 
roasts and aged for 3, 14, 21, or 35 d postmortem. Fiber 
type was determined by immunohistochemistry. After 
aging, objective tenderness and collagen solubility were 
measured. There was a treatment × day of aging (DOA) 
interaction for Warner-Bratzler shear force (WBSF; P < 
0.01). At d 3 of aging, IMP and COMBO steaks had 
greater WBSF than CON steaks (P < 0.01). By d 14 of 
aging, the WBSF of IMP steaks was not different (P = 
0.21) than CON steaks, but COMBO steaks had greater 

shear values than steaks of other treatments (P < 0.02). 
The COMBO steaks only remained tougher (P = 0.04) 
than the CON steaks following 35 DOA. Compared to 
CON muscles, IMP and COMBO type I and IIX muscle 
fibers were larger (P < 0.03). Treatment, DOA, or the 
two-way interactions did not impact measures of total 
and insoluble collagen (P  > 0.31). Soluble collagen 
amount tended to be affected (P = 0.06) by a treatment 
× DOA interaction which was due to COMBO muscle 
having more soluble collagen than the other 2 treatments 
on d 21 of aging (P < 0.02). Correlation analysis indi-
cated that type I, IIA, and IIX fiber CSA are positively 
correlated with WBSF at d 3 and 14 of aging (P < 0.01), 
but only type IIX fibers are correlated at d 21 and 35 
of aging (P < 0.03). At these time periods, total and 
insoluble collagen became positively correlated with 
WBSF (P < 0.01). This would indicate that relationship 
between muscle fiber CSA and WBSF decreases dur-
ing postmortem aging, while the association between 
WBSF and collagen characteristics strengthens. The 
use of GP negatively impacted meat tenderness primar-
ily through increased muscle fiber CSA and not through 
altering collagen solubility.
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zilpaterol hydrochloride (ZH; Merck Animal Health, 
Summit, NJ) increases ADG by 0.15 kg, carcass weight 
by 15 kg, and ribeye area by 8 cm2. While the positive 
impacts of both GP on feedlot performance and car-
cass measures are quite considerable, both technologies 
can have a negative impact on meat tenderness. Boles 
et al. (2009) reported anabolic implants increased heif-
er Warner-Bratzler shear force (WBSF) by 9%, while 
Leheska et al. (2009) reported ZH increased heifer WBSF 
by values by 24%. The exact biological mechanisms re-
sponsible for the reduction in tenderness is unknown.

Two major structural units of muscle elicit the ma-
jority of the influence on meat tenderness. The muscle 
fiber constitutes the major component of the myofibril-
lar fraction of tenderness and can elicit its influence 
based on fiber size (Crouse et al., 1991) or sarcomere 
length (Smulders et al., 1990). Collagen is the major 
component of the endomysium and perimysium, which 
both comprise the intramuscular connective tissue com-
ponent that contribute to meat tenderness and texture 
(McCormick, 1999). Both GP increase muscle fiber 
hypertrophy (Kellermeier et al., 2009), but their ef-
fect on the collagen component is not well understood. 
Additionally, the ability of extended postmortem aging 
to reduce the impact that both structures elicit on meat 
tenderness of GP treated cattle is not known. The ob-
jective of the study was to examine the effect of 2 GP 
programs on Longissimus lumborum (LL) muscle fiber 
cross-sectional area, collagen solubility, and their rela-
tion to meat tenderness after extended aging.

Material and Methods

All experimental procedures were approved by 
the Kansas State University Institutional Animal Care 
and Use Committee.

Heifer Management

Thirty- three crossbred feedlot heifers (initial BW 
464 kg ± 6) were housed in individual pens located 
in an enclosed barn at the Kansas State University 
Beef Cattle Research Center. Each pen was 4.64 m2 
and contained metal pipe sidewalls, slatted floors for 
waste removal, an individual waterer, and a 75 cm × 51 
cm feed bunk. Heifers were fed a similar diet (Table 1) 
and feed was delivered once daily to allow ad libitum 
access to feed. Bunks were managed to leave a mini-
mum of 227 g of unconsumed feed per head daily.

Following a 10-d acclimation period, heifers were 
weighed, stratified from heaviest to lightest BW, and 
within each strata of 3 animals, heifers were randomly 
allocated to 1 of 3 treatments (n = 11 per treatment): no 
anabolic implant or ZH (CON), anabolic implant, no 

ZH (IMP), and anabolic implant and ZH (COMBO). 
Heifers designated to receive anabolic implants 
were administered a Component TE-200 implant 
(Elanco Animal Health, Greenfield, IN) in the left ear. 
Beginning on d 50 of the trial, ZH was included in the 
total mixed ration at the approved level of 8.3 mg/kg 
DM for the COMBO heifers. These cattle were fed ZH 
for 21 d with a 3-d withdrawal period prior to harvest. 
One heifer from the IMP treatment was removed from 
study due to pregnancy.

Carcass Data and Loin Collection

On d 75 of feeding, heifers were shipped 430 km to 
a commercial abattoir for harvest (Tyson Fresh Meats, 
Holcomb, KS). Final BW and HCW were recorded at 
harvest. Following a 36-h refrigeration period, mar-
bling score, LM area, and 12th-rib s.c. fat thickness 
(BF) were instrumentally collected (VBG 2000; e+v 

Table 1. Diet composition (DM basis) for crossbred 
heifers subjected to 3 exogenous growth-promoting 
programs

 
Ingredient

Treatment
CON1 IMP1 COMBO1

Steam-flaked corn, % 52.70 52.70 52.70
Corn gluten feed, % 36.15 36.15 36.15
Ground alfalfa hay, % 3.87 3.87 3.86
Ground wheat straw, % 2.95 2.95 2.95
Mineral/vitamin supplement, %
Ground limestone, % 1.55 1.55 1.55
Salt, % 0.29 0.29 0.29
Potassium chloride, % 0.20 0.20 0.20
Vitamin A 30,000 premix, % 0.006 0.006 0.006
Vitamin E 44,092 premix, % 0.09 0.09 0.09
Monensin and tylosin premix,2 % 2.16 2.16 2.16
Calculated nutrient composition
NEm, Mcal/kg 0.95 0.95 0.95
NEg, Mcal/kg 0.65 0.65 0.65
ADF, % 9.00 9.00 9.00
NDF, % 21.46 21.46 21.46
CP, % 14.56 14.56 14.56
Ether extract, % 3.60 3.60 3.60
Ca, % 0.69 0.69 0.69
P, % 0.52 0.52 0.52
K, % 0.80 0.80 0.80
Vitamin A (added), IU/kg 0.98 0.98 0.98
Vitamin E (added), IU/kg 19.67 19.67 19.67

1Crossbred feedlot heifers (n = 32) were subjected to 1 of 3 treatments: 
no implant or zilpaterol hydrochloride (CON); Component TE-200 im-
plant (Elanco Animal Health, Greenfield, IN) on d 0 of study, no zilpaterol 
hydrochloride (IMP); and Component TE-200 implant on d 0 of study and 
zilpaterol hydrochloride (Merck Animal Health, Summit, NJ) at 8.3 mg/kg 
of ZH from d 50 to d 71, followed by a 3-d withdrawal (COMBO).

2Formulated to provide 300 mg/day monensin and 90 mg/day tylosin 
(Elanco Animal Health) per animal in a ground corn carrier.
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Technology GmbH & Co. KG, Oranienburg, Germany), 
and percent KPH was estimated by a trained university 
staff member. Strip loins (Institutional Meat Purchase 
Specifications 180) were removed from the right side 
of the carcass from each heifer and transported back to 
the Kansas State University Meats Laboratory.

Sampling Procedures

Approximately 72 h postmortem, a 1.27-cm thick 
steak was removed from the anterior portion of the LL, 
beginning at the 13th rib of each loin, and perpendicu-
lar to the orientation of muscle fibers for immunohis-
tochemistry. At the posterior end of the loin, pH was 
measured with a calibrated pH meter (model HI 99163; 
Hanna Instruments, Smithfield, RI). The remaining por-
tion of each loin was fabricated into four 5.08-cm thick 
roasts and assigned in order of fabrication to 3, 14, 21, 
or 35 d of aging (DOA). All roasts were vacuum pack-
aged in 3 mil standard barrier vacuum bags with oxygen 
transmission rates of 4.5 cm3∙100 cm−2∙24 h−1 at 23°C 
and 65% humidity (Prime Source Vacuum Pouches; 
Bunzl Processor Division, Koch Supplies, Kansas City, 
MO) and aged at 2 ± 1°C. After each aging period was 
completed, one 2.54-cm steak was removed for colla-
gen crosslink and calpain analysis (Howard et al., 2015), 
while the other steak was utilized for Warner-Bratzler 
shear force analysis. Following 21-d aging period, the 
remaining portion of the loin following fabrication was 
utilized to measure pH after postmortem aging.

Immunohistochemistry

The methods of Phelps et al. (2014a) were followed 
for immunohistochemical analysis. Briefly, a 1 cm × 
1 cm × 1.27 cm sample was collected from the geometric 
center of the medial (MED), medial/lateral (M/L), and 
lateral (LAT) areas of the LL. Samples were embedded 
and frozen in optimum cutting temperature tissue freez-
ing medium (Fisher Scientific, Pittsburgh, PA) using liq-
uid nitrogen cooled, 2-methyl-butane (Fisher Scientific). 
Five micrometer cryosections were blocked with 10% 
horse serum and 0.2% TritonX-100 in PBS and then in-
cubated for 1 h in a primary antibody cocktail consisting 
of rabbit anti-dystrophin (Thermo Scientific, Waltman, 
MA), mouse anti-slow myosin heavy chain (BA-D5, 
Developmental Studies Hybridoma Bank, Iowa City, IA), 
and mouse anti-myosin heavy chain all but IIX (BF-35, 
Developmental Studies Hybridoma Bank). Following 
washing and incubation with the appropriate secondary 
antibodies (Alexa-Fluor 594, 633, and 488; Invitrogen, 
Grand Island, NY), photomicrographs were captured us-
ing a Nikon Eclipse TI-U inverted microscope equipped 
with a DS-QiMC digital camera at a 10× working dis-

tance magnification (Nikon Instruments Inc., Melville, 
NY). Within each steak location, a minimum of 500 mus-
cle fibers were analyzed for myosin heavy chain isoform 
and CSA. Fibers staining positive for BA-D5 and BF-35 
were considered type I fibers. Fibers staining positive for 
BF-35, but negative for BA-D5 were considered type IIA 
fibers. All fibers staining negative for BA-D5 and BF-35 
were considered type IIX fibers (Fig. 1).

Warner-Bratzler Shear Force

After each aging period, steaks were immediately 
subjected to cooking procedures. Cooking procedures for 
WBSF were conducted according to the Meat Cookery 
and Sensory Guidelines (AMSA, 1995). External fat 
was removed and steaks were weighed prior to cooking. 
A thermocouple wire (30-gauge copper and constantan; 
Omega Engineering, Stamford, CT) was inserted into 
the geometric center of each steak and internal tem-
perature was monitored using a Doric Minitrend 205 
monitor (VAS Engineering, San Francisco, CA). Steaks 
were cooked on Hamilton Beach Indoor/Outdoor grills 
(Hamilton Beach, Southern Pines, NC), turned once at 
40°C and removed at 70°C. Steaks were allowed to cool 
at room temperature for approximately 10 min, then 
weighed for calculation of cooking loss. After a 24-h 
chill period at 7±1°C, two 1.27-cm cores were removed 
from each anatomical area within the steak parallel to 
the muscle fiber orientation. Each core was sheared 
once through the center with a Warner-Bratzler shear 
head (100 kg compression load cell, crosshead speed 
of 250 mm/min) attached to an INSTRON testing ma-
chine (Model 5569; Instron, Canton, MA).

Collagen Solubility

After aging, each steak for collagen analysis was 
cut into the 3 areas of interest, frozen in liquid nitrogen, 
pulverized using a Waring blender (Waring Products 
Division, Harford, CT), and stored at -20°C until analy-
sis. Hydroxyproline content was determined using the 
protocol adapted from Hill (1966) and Association of 
Official Analytical Chemists method 990.26 (AOAC, 
2005). Three grams of pulverized tissue were mixed 
with 12 mL of Ringer’s solution and incubated in a 
77°C water bath for 80 min. Following incubation, sam-
ples were centrifuged at 2,250 × g for 12 min at 20°C to 
separate insoluble and soluble fractions. Sulfuric acid 
was then added (3 mL concentrated sulfuric acid to sol-
uble portion; 30 mL 3.5 M sulfuric acid to the insoluble 
portion) and fractions were incubated at 105°C for 16 h. 
After incubation, samples were removed and cooled 
for a minimum of 30 min, diluted with deionized wa-
ter to 250 mL for the soluble fraction and 500 mL for 
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the insoluble fraction, and then filtered with Whatman 
541 filter paper (Fisher Scientific; Waltham, MA) into 
15-mL glass test tubes and analyzed using a hydroxy-
proline assay the same day. Hydroxyproline determina-
tion was carried out following procedures outlined by 
Bergman and Loxley (1963) using a BioTek Eon spec-
trophotometer (Biotek Instruments Inc., Winooski, VT) 
to read absorbance at 558 nm. The spectrophotometer 
was calibrated using a distilled water blank sample, and 
readings were quantified by standard curves prepared 
each day of analysis. Total and fractional collagen con-
tents were determined by multiplying hydroxyproline 
content of the soluble fraction by 7.25 and the insoluble 
fraction by 7.52 (Cross et al., 1973). Duplicate samples 
with a CV greater than 10% were reanalyzed.

Statistical Analysis

Four statistical models, all utilizing animal as the 
experimental unit, were employed to analyze these 
data. All models were randomized complete block de-
signs with initial BW as the blocking factor. Feedlot 
performance, carcass characteristics, and d 21 mois-
ture loss utilized GP treatment as the fixed effect and 
BW block as the random effect. Cook loss and pH 

data were analyzed as a repeated measures experi-
ment, utilizing GP treatment as the fixed effect and an-
imal within block as the random effect. Day served as 
the repeated measure with animal/loin as the subject 
and compound symmetry as the covariance structure. 
Muscle fiber morphometric data, collagen measures, 
and WBSF were analyzed as a split-plot design with 
Animal as the whole-plot unit and the area of the LL 
as the split-plot unit. The muscle fiber morphometric 
data was a 3 × 3 factorial arrangement with GP treat-
ment and muscle location as the main effects. Collagen 
measures and WBSF were analyzed as a 3 × 4 × 3 
factorial arrangement with GP treatment, day of aging, 
and muscle location as the main effects. All data were 
analyzed utilizing the PROC MIXED procedure of 
SAS (SAS Inst. Inc., Cary, NC) and pairwise compari-
sons between the least square means of the factor level 
comparisons were computed using the PDIFF option 
of the LSMEANS statement. Correlations between 
WBSF and muscle characteristics were computed us-
ing the PROC CORR procedure of SAS. Differences 
were considered significant at P ≤ 0.05 and tendencies 
at P > 0.05 and P ≤ 0.10.

Figure 1. Representative photomicrographs of immunohistological staining pattern of beef Longissimus lumborum muscle. Fibers that stained posi-
tive for the BA-D5 antibody were categorized as type I fibers (blue arrows). Fibers that stained positive for BF-35, but were negative for BA-D5, were 
categorized as type IIA fibers (yellow arrows). All fibers that were negative for the BF-35 antibody were categorized as type IIX fibers (white arrows; 
Moreno-Sanchez et al., 2008; Schiaffino et al., 1989). Scale bars = 100 μm.
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Results

Heifer Performance and Carcass Characteristics
Individually fed heifers were subjected to 1 of 3 

treatments to determine the effect of GP on feedlot and 
carcass performance measures. At the beginning of 
the trial, all treatment groups did not differ in BW (P = 
0.82; Table 2). Throughout the 75-d feeding portion of 
the trial, GP treatment did not impact DMI and ADG 
(P > 0.30). Gain to feed ratio tended to be affected (P = 
0.06) by GP treatment, but final BW was unaffected 
(P = 0.48) by treatment. The use of GP impacted (P = 
0.01) HCW. Carcasses from the IMP treatment tended 
to weigh more (P = 0.07) than the CON carcasses, but 
were not different (P = 0.11) than COMBO carcasses. 
Carcasses from the COMBO treatment were heavier 
(P < 0.01) than CON carcasses. Dressing percentage 
tended to be influenced (P = 0.07), while yield grade 
was impacted (P = 0.03) by GP treatment. The IMP 
and COMBO carcasses had decreased yield grade 
when compared to CON carcasses (P  < 0.04), but 
were not different (P = 0.63) from each other. Similar 
to HCW, GP treatment impacted LM area and 12th-rib 
s.c. fat (P < 0.04). Carcasses from IMP cattle tended 

to have larger (P = 0.06) LM area and reduced (P = 
0.09) 12th-rib s.c. fat thickness when compared to 
CON carcasses. Carcasses from COMBO cattle pos-
sessed larger LM area and less 12th-rib s.c. fat than 
CON carcasses (P = 0.01). When compared to each 
other, COMBO and IMP carcasses did not differ in 
LM area or BF thickness (P > 0.37). Percent KPH and 
strip loin weight did not differ (P > 0.11) by treatment 
and marbling score tended to be decreased (P = 0.09) 
by GP treatment.

Purge and pH Measures

pH was measured on d 3 and 21 and displayed a 
treatment × DOA interaction (P < 0.01; Table 3). As 
loins were aged from d 3 to d 21, the CON loins had 
a decrease (P < 0.01) in pH, while IMP and COMBO 
loins did not experience a change in pH (P > 0.24). 
This resulted in IMP and COMBO loins having a 
greater pH than CON loins at d 21 of aging (P < 0.04), 
but their pH did not differ from each other (P = 0.43). 
Over all DOA, treatment did not affect (P = 0.54) pH; 
however, loin pH did drop (P < 0.01) from d 3 to d 21 
of aging. It is also important to note, that the magni-

Table 3. Purge and pH of subprimals and cook loss 
of steaks from the Longissimus lumborum of heifers 
subjected to 3 exogenous growth-promoting programs

Treatment1  
SEM

P-value
CON IMP COMBO TRT2 DOA3 TRT × DOA

Purge loss,4 % 0.51a 0.84b 0.90b 0.14 0.02 — —

Muscle pH 0.54 <0.01 0.01
Day 3 5.65 5.62 5.62 0.02
Day 21 5.55a 5.62b 5.60b 0.02

Cook loss,5 % 0.92 0.06 0.87
Day 3 19.9 20.7 20.8 1.15
Day 14 22.0 21.9 23.1 1.15
Day 21 20.3 21.5 19.8 1.15
Day 35 22.0 21.7 21.5 1.15

a,bMeans within a row with a different superscript are different (P < 0.05).
1Crossbred feedlot heifers (n = 32) were subjected to 1 of 3 treatments: 

no implant or zilpaterol hydrochloride (CON); Component TE-200 im-
plant (Elanco Animal Health, Greenfield, IN) on d 0 of study, no zilpaterol 
hydrochloride (IMP); and Component TE-200 implant on d 0 of study and 
zilpaterol hydrochloride (Merck Animal Health, Summit, NJ) at 8.3 mg/kg 
of ZH from d 50 to d 71, followed by a 3 d withdrawal (COMBO).

2TRT = Treatment.
3DOA = Day of aging.
4Purge loss calculated by ([initial loin weight-final loin weight]/initial 

loin weight) × 100. Intital and final (d 21) loin weight collected on pos-
terior portion of the strip loin that remained following removal of steaks 
from the anterior end for Warner-Bratzler shear force.

5Cook loss calculated by ([cooked weight – raw weight]/raw weight) × 100.

Table 2. Feedlot performance and carcass character-
istics of crossbred heifers subjected to 3 exogenous 
growth-promoting programs

 
Item

Treatment1  
SEM

 
P-valueCON IMP COMBO

Live performance
Initial BW, kg 463.7 463.8 463.9 2.0 0.82
Final BW, kg 530.9 541.8 541.9 6.6 0.31
DMI, kg 8.5 8.2 8.1 0.2 0.48
ADG, kg 0.9 1.1 1.1 0.1 0.30
G:F 0.11 0.13 0.13 0.01 0.06
Carcass characteristics
HCW, kg 345.9a,x 354.4a,b,y 361.9b 4.1 0.01
Dressing percentage, % 65.2 65.4 66.8 0.5 0.07
USDA yield grade 3.6a 2.6b 2.4b 0.4 0.03
LM area, cm2 78.2a,x 88.8a,b,y 92.2b 3.7 0.03
12th-rib s.c. fat, cm 2.0a,x 1.5a,b,y 1.3b 0.2 0.04
KPH, % 2.5 2.4 2.4 0.1 0.59
Marbling score2 610.9 534.0 560.9 23.5 0.09
Initial loin weight, kg 6.5 6.9 7.1 0.2 0.11

a,bMeans within a row with a different superscript are different (P < 0.05).
x,yMeans within a row with a different superscript tend to differ (P < 

0.10).
1Crossbred feedlot heifers (n = 32) were subjected to 1 of 3 treatments: 

no implant or zilpaterol hydrochloride (CON); Component TE-200 im-
plant (Elanco Animal Health, Greenfield, IN) on d 0 of study, no zilpaterol 
hydrochloride (IMP); and Component TE-200 implant on d 0 of study and 
zilpaterol hydrochloride (Merck Animal Health, Summit, NJ) at 8.3 mg/kg 
of ZH from d 50 to d 71, followed by a 3-d withdrawal (COMBO).

2Marbling scores: 500 = small00; 600 = modest00; 700 = moderate00.



Ebarb et al.874

tude of differences noted in this experiment are not 
large enough to impact meat quality.

After 21 d of aging, moisture retention was quantified 
on the remaining portion of the loin. Treatment affected 
d 21 purge loss with loins from IMP and COMBO loins 
having increased moisture loss when compared to CON 
loins (P < 0.02). When compared to each other, IMP and 
COMBO loins did not differ (P = 0.70) in the amount of 
moisture lost during aging. The moisture retention issues 
exhibited by GP supplemented cattle were not observed 
during cooking. There were no treatment × DOA inter-
action or treatment effects on cooking loss (P > 0.87), 
but DOA tended to impact (P = 0.06) cook loss. Steaks 
cooked on d 14 lost more moisture than steaks cooked on 
d 3 and 21 (P < 0.03). All other cook loss measures were 
not different from one another (P > 0.12).

Warner-Bratzler Shear Force

As expected, with increased DOA, WBSF values of 
all steaks decreased (P < 0.01) and became more tender 
(Table 4). There was no treatment × DOA × location in-
teraction (P > 0.10) for WBSF values. The treatment × 
location interaction, treatment × DOA, and DOA × lo-
cation interactions impacted objective tenderness (P < 
0.05). For the treatment × location interaction, the CON 
and IMP treatments were similar (P = 0.11) to one anoth-
er, but were decreased (P < 0.01) when compared to the 
COMBO treatment at the MED location. At the M/L and 
LAT locations, the CON steaks did not differ (P > 0.17) 
from the IMP steaks, but were decreased (P < 0.02) when 
compared to the COMBO steaks. The IMP steaks did not 
differ (P > 0.11) from the COMBO steaks at the M/L 
and LAT locations. When analyzing treatment × DOA 
interaction, at d 3 COMBO steaks had greater WBSF 

values than IMP and CON steaks (P < 0.01). Steaks from 
IMP treatment also had greater (P = 0.02) WBSF val-
ues when compared to CON steaks. After 14 d aging, the 
IMP and CON steaks did not differ (P > 0.21) from one 
another, but the WBSF for COMBO steaks continued to 
be greater than the CON and IMP treatments (P < 0.02). 
At d 21 of aging, WBSF values of steaks from all treat-
ments did not differ (P > 0.13). Unlike the d 21 results, 
d 35 COMBO steaks were tougher (P < 0.04) than CON 
steaks; however, IMP steaks WBSF values did not differ 
from either of the other treatments (P > 0.13).

When considering the DOA × location interaction, 
the MED and M/L locations possessed similar (P  = 
0.91) WBSF at d 3 of aging. Also on this DOA, the 
WBSF values from the LAT location tended to be less 
when compared to the other 2 locations (P < 0.08). After 
14 d of aging, MED cores had reduced WBSF values 
than cores from the M/L and LAT locations (P < 0.02), 
but cores from these locations did not differ (P = 0.12). 
Following 21 d aging, WBSF values of MED cores con-
tinued to be less (P < 0.01) than M/L cores, but there 
was no difference (P = 0.17) between MED and LAT 
cores. The M/L and LAT continued to maintain similar 
(P = 0.13) WBSF values on this DOA. After 35 d aging, 
the M/L location had greater (P < 0.05) WBSF values 
when compared to the other locations, which did not 
differ from one another (P < 0.78). Over all DOA, loca-
tion of cores within the steak affected (P < 0.01) WBSF. 
The M/L had greater (P < 0.01) WBSF values when 
compared to the MED and LAT locations, but the MED 
and LAT locations were similar (P > 0.32) to each other. 
Treatment also impacted (P < 0.01) WBSF of steaks. 
Over the entire aging study, steaks from CON and IMP 
cattle had similar (P = 0.15) WBSF. When compared 
to COMBO steaks, the CON steaks had decreased (P < 

Table 4. Warner-Bratzler shear force values from 3 locations within the Longissimus lumborum of heifers sub-
jected to 3 exogenous growth-promoting programs1–8

Medial Medial/Lateral Lateral  
SEMCON IMP COMBO CON IMP COMBO CON IMP COMBO

Day 3 4.40 5.51 6.02 4.22 5.38 6.27 4.06 4.86 5.92 0.36
Day 14 3.36 4.12 5.18 4.43 4.99 5.61 4.20 4.34 5.55 0.36
Day 21 3.36 3.89 4.76 4.45 4.66 4.64 4.27 4.19 4.39 0.36
Day 35 3.68 3.75 5.07 4.37 4.52 4.99 4.03 4.33 4.32 0.36

1Crossbred feedlot heifers (n = 32) were subjected to 1 of 3 treatments: no implant or zilpaterol hydrochloride (CON); Component TE-200 implant 
(Elanco Animal Health, Greenfield, IN) on d 0 of study, no zilpaterol hydrochloride (IMP); and Component TE-200 implant on d 0 of study and zilpaterol 
hydrochloride (Merck Animal Health, Summit, NJ) at 8.3 mg/kg of ZH from d 50 to d 71, followed by a 3-d withdrawal (COMBO).

2Treatment × day of aging × location, P = 0.25.
3Treatment × day of aging, P < 0.01.
4Treatment × location, P = 0.04.
5Day of aging × location, P = 0.04.
6Treatment, P < 0.01.
7Day of aging, P < 0.01.
8Location, P < 0.01.
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0.01) WBSF values, while IMP steaks tended to have 
decreased (P = 0.06) WBSF values.

Muscle Fiber Morphometrics

To explore biological factors influencing WBSF, im-
munohistochemical analysis was utilized to examine the 
effects of steak location and GP treatment on muscle fi-
ber type and morphometrics (Table 5). Each of 3 myo-
sin heavy chain isoforms were analyzed independently. 
There were no treatment × location interactions for mus-
cle fiber type percentages and associated fiber CSA (P > 
0.70). Treatment did not affect the percentage of all 3 
muscle fiber types (P > 0.49), but the types were affected 
by location (P < 0.01). The MED location had less (P < 
0.01) type I fibers than the M/L location, but possessed 
(P = 0.19) the same percentage of type I fibers as the LAT 
location. The M/L location tended to possess more (P = 
0.08) type I fibers than the LAT location. The MED loca-
tion possessed more type IIA fibers than the other 2 steak 
locations (P < 0.01), which did not differ (P = 0.11) from 
each other. The MED location possessed less (P < 0.01) 
type IIX fibers than the M/L location, which possessed 
less (P < 0.01) IIX fibers than the LAT location.

Treatment affected the CSA of type I and IIX fibers 
(P < 0.02) and tended to affect (P = 0.06) the CSA of IIA 
fibers. Compared to CON fibers, IMP fibers were larger 
(P < 0.01), while COMBO fibers tended to be larger (P = 
0.08). Type I fibers of IMP and COMBO muscles did not 
differ (P = 0.30). Type IIA fibers from IMP and COMBO 
muscles also did not differ (P = 0.30) from one another, 
but COMBO IIA fibers were larger (P = 0.02) than CON 
fibers. Type IIA fibers of CON and IMP muscles did 
not differ (P = 0.18) in size. Type IIX fiber CSA from 

COMBO heifers were larger than IIX fibers from both 
IMP and the CON heifers (P < 0.02). When compared to 
one another, IMP type IIX CSA was greater (P = 0.05) 
than that of CON fibers. Cross-sectional area data indi-
cated that type I and IIA CSA was affected by steak loca-
tion (P < 0.01), while there was no effect (P = 0.33) on 
type IIX fiber CSA. The LAT location had smaller type I 
and IIA fiber CSA when compared to the MED area (P < 
0.01). The LAT location possessed smaller (P < 0.01) 
type I fibers than the M/L location, but type IIA CSA did 
not differ (P < 0.18) between these areas.

Collagen Analysis

There were no treatment × DOA × location, treat-
ment  × location, or DOA × location interactions for 
amounts of soluble collagen measured (Table 6; P > 
0.42); however, there tended to be a treatment × DOA 
interaction (P = 0.06). Day of aging influenced amount 
of collagen, with collagen solubility differing (P < 0.01) 
between d 14 and 21 and tending to differ (P = 0.10) d 
3 and 21. All other day comparisons were not different 
from one another (P > 0.13). Location within steak also 
impacted collagen solubility, with M/L area possessing 
more soluble collagen than the MED and LAT areas (P < 
0.05), and the MED area having more (P = 0.02) soluble 
collagen that the LAT area. Day of aging, treatment, lo-
cation, and their 2-way and 3-way interactions did not 
affect total or insoluble collagen (P > 0.11).

Correlation Coefficients

Pearson’s correlation coefficients between WBSF 
and myofibrillar and collagen characteristics are dis-

Table 5. Myosin heavy chain (MHC) distribution and cross-sectional area from 3 locations within the Longissimus 
lumborum of heifers subjected to 3 exogenous growth-promoting programs1

Medial Medial/Lateral Lateral  
SEMCON IMP COMBO CON IMP COMBO CON IMP COMBO

MHC type I2

Percentage4 28.7 27.8 29.6 30.3 30.8 32.1 30.2 28.5 30.5 1.5
Cross-sectional area3,4, µm2 2,104 2,628 2,440 2,195 2,597 2,475 1,915 2,275 2,104 152
MHC type IIA2

Percentage4 43.6 49.2 46.8 39.7 43.4 42.4 38.2 42.8 38.9 3.2
Cross-sectional area4,5, µm2 3,063 3,482 3,765 3,219 3,441 3,781 2,693 3,147 3,374 280
MHC type IIX2

Percentage4 27.7 23.3 23.6 30.0 26.1 25.5 31.6 29.0 30.6 3.5
Cross-sectional area3, µm2 2,983 3,617 4,222 3,420 3,798 4,165 3,165 3,492 4,112 240

1Crossbred feedlot heifers (n = 32) were subjected to 1 of 3 treatments: no implant or zilpaterol hydrochloride (CON); Component TE-200 implant 
(Elanco Animal Health, Greenfield, IN) on d 0 of study, no zilpaterol hydrochloride (IMP); and Component TE-200 implant on d 0 of study and zilpaterol 
hydrochloride (Merck Animal Health, Summit, NJ) at 8.3 mg/kg of ZH from d 50 to d 71, followed by a 3-d withdrawal (COMBO).

2There were no treatment × location interactions for MHC distribution or cross-sectional area (P > 0.70).
3Treatment, P < 0.03.
4Location, P < 0.04.
5Treatment, P < 0.06.
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played in Table 7. On d 3 of aging, the CSA of all 
fiber types were positively correlated with WBSF (P < 
0.01), while all collagen characteristics were not cor-
related (P > 0.10). After 14 d of aging, CSA of all fiber 
types were still correlated (P < 0.05) to WBSF, but 
correlations were not as strong. All collagen measures 
were not correlated to WBSF (P > 0.10). At d 21 of 
aging, WBSF was not correlated to type I and IIA fiber 
CSA and soluble collagen content (P > 0.14). Type IIX 
fiber CSA was still correlated (P = 0.03) to WBSF at 
d 21 of aging and insoluble and total collagen content 
also became correlated (P < 0.01). These trends were 
maintained through d 35 of aging (P < 0.05), but the 
correlations were not as strong as d 21.

Discussion

Growth-Promoting Technologies Effects
Addition of GP improves feedlot performance and 

overall amount of lean muscle tissue (Schmidt and 
Olson, 2007). Currently beef producers utilize sev-
eral GP including, B-AA and anabolic implants. Two 
B-AA options are approved for use in beef cattle while 
the market currently possesses a multitude of anabol-
ic implant options. In the current study, Component 
TE-200 or a combination of the implant and ZH were 

supplemented to finishing heifers. Over the 75-d feed-
ing period, use of GP technologies did not improve 
feedlot performance measures, which is in contrast 
to the plethora of literature that documents drastic 
improvements in these measures. When examining 
studies that utilize implant strategies that consist of 
a similar hormone dosage as the current study (200 
mg trenbolone acetate/20 mg estradiol), heifer ADG 
and G:F can be increased by up to 50% and 31%, re-
spectively (Herschler et al., 1995; Popp et al., 1997; 
Guiroy et al., 2002). In agreement with the current 
study, Garber et al. (1990) found that implanting heif-
ers with Synovex-H did not affect G:F; however, ADG 
was improved by the implant. The addition of ZH to 
feedlot diets provides equally impressive results by 
increasing ADG and G:F by up to 18% and 25% , re-
spectively (Montgomery et al., 2009; Rathmann et al., 
2012). In the current study, combining the implant reg-
imen with ZH did not improve feedlot performance of 
the heifers when compared to controls; however, the 
magnitude of increase in ADG and G:F were similar 
to improvements reported in literature (22% and 18%, 
respectively). Therefore, the lack of significance could 
be due to small animal numbers utilized in the study.

While GP regimens did not provide improvements 
in feedlot performance, advantages were demonstrated 
when examining carcass characteristics. In the current 

Table 6. Collagen characteristics from 3 locations within the Longissimus lumborum from heifers subjected to 3 
exogenous growth-promoting programs1

 
Collagen

Medial Medial/Lateral Lateral  
SEMCON IMP COMBO CON IMP COMBO CON IMP COMBO

Soluble,2–5 mg/g
Day 3 0.98 1.31 0.97 0.93 1.15 1.00 0.65 0.66 0.90 0.23
Day 14 0.78 0.81 0.56 0.70 1.53 1.08 0.66 0.63 0.62 0.23
Day 21 1.04 0.84 1.71 0.89 1.29 1.52 0.64 0.97 1.26 0.23
Day 35 0.63 1.13 1.02 1.40 1.22 0.90 0.78 0.83 0.89 0.23
Insoluble,6 mg/g
Day 3 6.94 5.04 6.32 5.15 4.18 4.66 4.99 5.00 5.25 0.94
Day 14 6.75 4.08 5.77 6.16 4.53 5.73 5.39 5.97 5.32 0.94
Day 21 4.72 6.76 4.82 4.95 5.13 5.42 5.90 4.62 6.76 0.94
Day 35 5.31 4.41 7.25 5.33 5.07 5.12 5.37 5.44 5.92 0.94
Total,6 mg/g
Day 3 7.92 6.35 7.33 6.08 5.33 5.71 5.64 5.66 6.17 1.03
Day 14 7.54 4.89 6.33 6.85 6.06 6.78 6.05 6.60 5.94 1.03
Day 21 5.74 7.60 6.53 5.84 6.42 6.94 6.54 5.59 8.02 1.03
Day 35 5.94 5.54 8.27 6.73 6.29 6.03 6.15 6.27 6.81 1.03

1Crossbred feedlot heifers (n = 32) were subjected to 1 of 3 treatments: no implant or zilpaterol hydrochloride (CON); Component TE-200 implant 
(Elanco Animal Health, Greenfield, IN) on d 0 of study, no zilpaterol hydrochloride (IMP); Component TE-200 implant on d 0 of study and zilpaterol 
hydrochloride (Merck Animal Health, Summit, NJ) at 8.3 mg/kg of ZH from d 50 to d 71, followed by a 3-d withdrawal (COMBO).

2There were no treatment × day of aging × location, treatment × location, day of aging × location, or treatment main effect (P > 0.21).
3Treatment × day of aging, P = 0.06.
4Day of aging, P < 0.03
5Location, P < 0.01.
6Treatment, day of aging, location, and their 2- and 3-way interactions were not significant (P > 0.31).
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study, the IMP treatment HCW and LM area tended to 
increase by 2% and 14%, and increased yield grade by 
28% when compared to CON carcasses, respectively. 
Garber et al. (1990) reported that implanting heifers did 
not increase HCW or yield grade, but did report a 6% 
increase in LM area. Other studies indicate that anabolic 
implants can increase both HCW and LM area modestly 
by 8% (Herschler et al., 1995; Popp et al., 1997). When 
ZH was added to the GP program and compared to the 
CON carcasses, HCW, yield grade, and LM area were in-
creased by 5%, 33%, and 18%, respectively. The increase 
in HCW is comparable to other studies (Montgomery et 
al., 2009; Robles-Estrada et al., 2009; Rathmann et al., 
2012); however, the increase in LM area and yield grade 
are much greater than these studies, which may be due 
to the combination of GP utilized in the COMBO treat-
ment. Montgomery et al. (2009) found that heifers sup-
plemented ZH without being administered anabolic im-
plants had only a 9% increase in LM area and yield grade 
when compared to heifers not subjected to GP technolo-
gies. Both Robles-Estrada et al. (2009) and Rathmann et 
al. (2012) employed an anabolic implant in their control 
treatment and found that ZH can increase LM area and 
yield grade by only 6% and 9%, respectively. This is sim-
ilar to the current study, but the difference between the 
COMBO and IMP treatments were not significant.

Beta-adrenergic agonists are commonly referred to as 
repartitioning agents due to their ability to redirect nutri-
ents from adipose to muscle growth. Carcasses from ZH 
heifers had 35% less BF, but there was no effect on mar-
bling score. The reduction in BF was much greater than 
the 5% reduction reported by Rathmann et al. (2009), but 

these authors also found no effect on marbling. In contrast, 
Montgomery et al. (2009) reported that BF thickness was 
unaffected by ZH, but marbling score was reduced in-
stead. Similar to the ZH literature, the effect of implants 
varies from study to study. In their review of the literature, 
Duckett and Pratt (2014) stated that anabolic implants do 
not or minimally influence 12th rib BF thickness. Perry et 
al. (1991), Gerken et al. (1995), and Roeber et al. (2000) 
reported that various anabolic implants do not influence 
BF thickness. In the current study, BF thickness tended 
to be reduced by 25% in the IMP carcasses. Scheffler et 
al. (2003) indicated there may be a time of administration 
dependent influence on marbling score, with the admin-
istration of 1 implant late in finishing having the largest 
detrimental effect. The current study’s results contradicts 
this finding by there being no effect on marbling with a 
single implant administration.

In the current study, WBSF values were greater for all 
treatment groups when compared to the majority of the 
literature. It is hypothesized this is due to all steaks being 
subjected to cooking without freezing, which commonly 
occurs during WBSF analysis (Shanks et al., 2002). In 
their review of the literature, Garmyn and Miller (2014) 
concluded that use of implants and ZH during finishing 
increases WBSF; however, retail studies would indicate 
these technologies elicit no adverse effects on objective 
or subjective tenderness measures. In the current study, 
the IMP treatment produced steaks that were tougher 
than CON steaks at d 3 postmortem. By d 14 postmortem, 
IMP WBSF values were similar to CON steaks, which 
would indicate aging ameliorates adverse effects of im-
plants on tenderness. This is in agreement with Schneider 
et al. (2007), who reported that steaks from heifers im-
planted with trenbolone acetate/estradiol required at least 
14 to 28 d of aging to achieve WBSF values that would 
be predicted to achieve satisfactory consumer acceptance 
levels. Platter et al. (2003) found that implanted heifers 
maintained greater WBSF values through 21 d of aging. 
In agreement, Kerth et al. (2003) and Boles et al. (2009) 
also found that implanting heifers did not affect WBSF 
values at up to 21 d of aging.

While previous data indicated negative effects of im-
plants on objective meat tenderness can be removed by 
postmortem aging, the impact of ZH on meat tenderness 
is substantial. Scramlin et al. (2010) reported that 21 d 
of postmortem aging did not alleviate the negative ef-
fects ZH elicits on cooked meat tenderness. Leheska et 
al. (2009) also found that heifers supplemented the same 
dosage of ZH produced steaks that were 24% greater in 
WBSF values after 28 DOA. Other studies also indicate 
that aging up to 35 d postmortem will not alleviate the 
negative impacts of ZH on objective tenderness (Brooks 
et al., 2009; Garmyn et al., 2011; Rathmann et al., 2012). 
In the current study, steaks from the COMBO treatment 

Table 7. Pearson’s correlation coefficients between 
Warner-Bratzler shear force and fiber cross-sectional 
area, soluble collagen, insoluble collagen, and total 
collagen for steaks aged 3, 14, 21, and 35 d postmor-
tem from heifers subjected to 3 exogenous growth-
promoting programs1

 
Item

Warner-Bratzler shear force, kg
Day 3 Day 14 Day 21 Day 35

Cross-sectional area, µm2

Type I 0.51** 0.45** 0.26 0.19
Type IIA 0.51** 0.45* 0.27 0.25
Type IIX 0.64** 0.57** 0.37* 0.37*
Soluble collagen, mg/g -0.22 0.11 0.34 0.05
Insoluble collagen, mg/g -0.22 0.14 0.49** 0.23*
Total collagen, mg/g -0.26 0.15 0.54** 0.30*

* P < 0.05; ** P < 0.01.
1Crossbred feedlot heifers (n = 32) were subjected to 1 of 3 treatments: con-

trol, no implant or zilpaterol hydrochloride; implant only, Component TE-200 
implant (Elanco Animal Health, Greenfield, IN) on d 0 of study, no zilpaterol 
hydrochloride; and combination, Component TE-200 implant on d 0 of study 
and zilpaterol hydrochloride (Merck Animal Health, Summit, NJ) at 8.3 mg/
kg of ZH from d 50 to d 71, followed by a 3-d withdrawal.
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had greater WBSF values through 14 DOA, where they 
were 40% and 24% greater than CON and IMP steaks, re-
spectively. At d 21 of aging and due to a large reduction in 
shear force from d 14, COMBO steak WBSF were simi-
lar to the other 2 treatments. At d 35 of aging and due to a 
slight elevation in the COMBO WBSF values, COMBO 
steaks were 20% tougher than CON steaks, which would 
agree with the previous literature that extended aging 
does not alleviate the negative effects of ZH on tender-
ness. Also of importance to note, the USDA has set a 
threshold for a guaranteed tender steak at a WBSF value 
of 4.4 kg (ASTM, 2011). For the current study, steaks 
from CON heifers began below this threshold, while it 
took IMP steaks 21 d to reach this value, and COMBO 
steaks never broke this threshold.

Myofibrillar and connective tissues are the 2de-
terminants of shear force values (Møller, 1981). 
Myofibrillar proteins consist of contractile and cyto-
skeletal proteins that are responsible for muscle con-
traction and structure, respectively (Aberle et al., 2003). 
In beef cattle, postnatal muscle hypertrophy only occurs 
through hypertrophy of the existing fibers formed dur-
ing fetal development (Strickland, 1978). In the current 
study, administering an anabolic implant increased CSA 
of type I and IIX fibers by 20% and 14%, respectively, 
when compared to CON. The literature indicates that 
all fiber types can be affected by implants. Fritsche et 
al. (2000) observed increased CSA for all fiber types for 
steers implanted with 120 mg trenbolone acetate and 28 
mg estradiol. Gonzalez et al. (2007) reported increases 
in type I fiber CSA of cull cows administered an ana-
bolic implant with and without ractopamine-HCl.

When ZH was combined with the anabolic im-
plant and compared to CON in the current study, the 
CSA of all 3 fiber types were greater, with type IIX in-
creasing the greatest (30%). Kellermeier et al. (2009) 
conducted a similar study in steers and reported that 
average muscle fiber diameter increased by 3% and 
6% when anabolic implants and ZH were utilized, re-
spectively. While Rathmann et al. (2009) and Baxa et 
al. (2010) did not directly measure fiber CSA or di-
ameter, they did indicate increases in the mRNA ex-
pression of type IIX muscle fibers demonstrated ZH 
increased protein synthesis of this isoform. Other 
B-AA have also increased muscle fiber CSA. Miller 
et al. (1988) and Vestergaard et al. (1994) found the 
diameter of type II fibers were increased by the admin-
istration of clenbuterol. Phelps et al. (2014a) reported 
steers supplemented with ractopamine-HCl tended to 
have increased CSA of type IIA fibers.

The importance of muscle fiber CSA on meat ten-
derness is demonstrated by the correlation analysis 
conducted in the current study. Previous research by 
Crouse et al. (1991) indicated that average muscle fiber 

size was correlated to shear force at d 1 and 3 of aging, 
but not correlated on d 6 or 14. Through d 14 of aging 
in the current study, CSA of all fiber types were cor-
related to WBSF; however, for the remaining 2 aging 
periods, the CSA of the smaller muscle fiber types (type 
I and IIA) were not correlated to objective tenderness. 
Additionally, type IIX fibers were strongly influenced 
by both GP. These findings would indicate the size of 
muscle fibers have a greater influence on tenderness 
during early postmortem aging, but ultimately, size of 
IIX fibers are the main contributors to meat tenderness 
when meat is aged past 14 d. Additionally, the extent 
that GP influence the increase in muscle fiber CSA may 
ultimately impact cooked meat tenderness.

Connective tissue or collagen is the second major 
tissue structure than can affect cooked meat tenderness. 
Correlation analysis indicated as type I and IIA muscle 
fiber CSA became less correlated to WBSF, the total and 
insoluble collagen content correlation increased. Thus, 
this would indicate that these 2 collagen measures be-
come more important to tenderness as meat is aged lon-
ger. The main components of anabolic implants, TBA 
and estradiol, both increase protein synthesis and de-
crease protein degradation (Kamanga-Sollo et al., 2010; 
2011). While not conclusively proven, B-AA stimulate 
muscle hypertrophy by an increase in protein synthesis, 
a reduction in protein degradation, or a combination 
of both (for review, see Mersmann, 1998). Numerous 
studies have reported calpastatin activity is elevated by 
B-AA, which reduces protein degradation (Kretchmar 
et al., 1990; Koohmaraie et al., 1991; Strydom et al., 
2009). Therefore, it is not unreasonable to hypothesize 
that implants and B-AA may also slow the rate of col-
lagen degradation, which could encourage the formation 
of collagen crosslinks and reduce the solubility of colla-
gen (McCormick, 1999). Trained panelists have detected 
an increase in the amount of detectable connective tis-
sue when GP are utilized (Phelps et al., 2014a). In the 
current study, treatment did not affect any collagen mea-
sures. Calkins et al. (1986) and Faucitano et al. (2008) 
reported no implant effect on total or soluble collagen 
content and percent soluble collagen. Huck et al. (1991) 
also found collagen solubility was unaffected when more 
aggressive implants were administered to steers. In con-
trast, Strydom et al. (2009) found when ZH was added to 
an anabolic implant regimen, total collagen content was 
reduced, while soluble and insoluble collagen percentage 
was unaffected. Kellermeier et al. (2009) also reported 
steers not administered GP had more total collagen than 
steers administered a combination of anabolic implants 
and ZH. The authors hypothesized the increase in muscle 
CSA in the GP treatments may have diluted the amount 
of total collagen present in the muscle. While the litera-
ture indicates that GP either elicit no effect or a positive 
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effect on crude collagen measures, Roy et al. (2015) 
reported GP influenced collagen cross-link content in a 
muscle and age dependent manner. Therefore, measuring 
actual collagen cross-links may provide more valuable 
information about the impact GP have on tenderness.

Effects of Within Steak Location

Phelps et al. (2014b) indicated the locations exam-
ined in the current study differ in muscle fiber type com-
position, with the MED location possessing less type I and 
more type IIX fibers than the other locations. Therefore, 
a secondary objective of the study was to determine if 
the GP affected the locations of the LL muscle differently. 
The lack of treatment × location interactions for all de-
pendent variables of interest indicates that the GP treat-
ments affected all locations within the LL equally; how-
ever, there were still some important location effects to 
note. There was a location × DOA interaction for WBSF. 
On d 3 of aging, WBSF value of the LAT portion of the 
loin was 0.4 kg less than the MED and M/L locations. As 
aging advanced to d 14, the WBSF of the MED portion 
of the loin dropped quite extensively causing it to be re-
duced compared to the M/L and LAT locations by 0.79 
kg and 0.48 kg, respectively. By d 35 of aging, the WBSF 
of the MED and LAT locations did not differ, while M/L 
WBSF was different from the 2 locations by a maximum 
of 0.46 kg. This pattern of WBSF decline indicated that 
each area ages differently. Numerous studies have exam-
ined the effect of location within the cross-section of the 
LL on WBSF and the results are quite divergent amongst 
the studies. In agreement with the current study, Janz et 
al. (2006) reported the lateral location sheared with less 
force than the medial location when steaks were aged 24 
h. Hedrick et al. (1968) reported the medial portion of the 
LL was more tender than the central and lateral portions 
of steaks aged 10 d. Berry (1993) found the lateral portion 
of the LL possessed greater shear values than the middle 
and medial portions when steaks were aged 15 d, which 
agrees with Kerth et al. (2002), who found the same pat-
tern after aging steaks 7 and 14-d postmortem. Derington 
et al. (2011) aged steaks of various quality grades 21 d 
and found lateral and middle shear values were greater 
than medial values across the entire strip-loin. Crouse 
et al. (1989) indicated shear force differences between 
the locations may be dependent on the overall tenderness 
classification of the steaks. The authors reported shear 
force was reduced when cores were taken medial to lat-
eral in tender steaks, but the opposite was found when 
steaks were tough.

Most of the studies discussed above took their mea-
surements at different time points, while the current 
study examined the location effects over time. The dif-
ferent trajectories of the locations’ aging patterns would 

indicate there are inherent differences in the biology of 
the locations. In addition to having the smallest WBSF 
values at d 3, the LAT location also possessed the small-
est type I and IIA fibers. Because correlation analysis 
indicates these fibers influenced shear at this time point, 
this could partially explain the WBSF differences seen 
at d 3. As the meat is aged postmortem, the data in the 
current study does not adequately explain the differences 
in the aging patterns between the locations. There are no 
other clear muscle fiber type patterns that could aid in ex-
plaining differences and soluble collagen content of the 
locations are opposite of what one would expect for the 
WBSF/soluble collagen relationship; the LAT location 
contained the least soluble collagen, while the M/L lo-
cation possessed the most. Therefore, other mechanisms, 
such as the calpain proteolytic system, may be respon-
sible for the divergent aging patterns of the 3 locations.
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