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Abstract: Postmortem aging improves palatability of various muscles, especially those from lower quality grades. This
study evaluated postmortem aging and marbling class effects on the color stability of longissimus lumborum, gluteus med-
ius, and biceps femoris steaks. Carcasses were selected at grading to have Lower Small (Small00 to Small50; n= 50) or
Upper Slight (Slight50 to Slight90; n= 50) marbling scores. Strip loin and top sirloin subprimals from each carcass side
were assigned to aging treatments (14, 21, 28, or 35 d) in an incomplete block arrangement. After aging, subprimals were
cut into longissimus lumborum, gluteus medius, and biceps femoris steaks, respectively. Steaks were placed in a simulated
retail display for 11 d. Changes in redness (a* and hue angle) were much slower and less extensive (P< 0.001) in long-
issimus lumborum steaks than in gluteus medius steaks, which had slightly slower and less extensive (P< 0.01) redness
changes than biceps femoris. Increasing aging time increased (P< 0.001) the rate and extent of overall color change (ΔE)
during simulated retail display. Steaks from Lower Small carcasses had higher (P< 0.01) L* values than steaks fromUpper
Slight carcasses at 14, 28, and 35 d postmortem. In steaks from Upper Slight carcasses, L* values were lower (P< 0.01)
in steaks aged for 28 d compared to other aging times. In steaks from Lower Small carcasses, L* values were highest
(P< 0.001) when aged for 14 d. Increased aging time generally decreased (P< 0.05) a*, b*, and chroma values.
However, within each aging time, only b* values of steaks aged for 35 d differed (P= 0.01) with regard to marbling class.
Results indicate that increasing aging time decreased color life of beef muscles, and that marbling class had minimal impact
on lean color stability.
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Introduction

Meeting consumers’ expectations for palatability con-
tinues to be a challenge for foodservice and retail oper-
ators. Insufficient tenderness has been identified as a
primary challenge in meeting these expectations
(Boleman et al., 1997; Neely et al., 1998; Miller et al.,
2001; Shackelford et al., 2001). Thus, strategies for
ensuring the tenderness of meat products continue to
be heavily utilized. Of these strategies, postmortem
aging is among the simplest and most effective
available, and extended aging times are widely used
(Martinez et al., 2017), particularly in premiumproduct

lines. Previous research from our laboratory has dem-
onstrated degradation of cytoskeletal proteins resulting
in tenderization through 42 d of refrigerated storage
(King et al., 2009a, 2009b, 2009c). Gruber et al. (2006)
indicated that aging times were muscle dependent and
thatmuscles fromU.S. Select carcasses required longer
aging times to reach ultimate tenderness levels than
muscles from the Upper 2/3 of the U.S. Choice grade.
However, U.S. Select (Slight marbling) carcasses are
generally discounted relative to U.S. Choice (Small,
Modest, and Moderate marbling) carcasses, and aging
is commonly used to improve cuts from U.S. Select
carcasses.
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Despite such emphasis on aging as it pertains to
tenderness, comparatively little effort has been directed
to the effects of aging on other important meat quality
attributes, particularly for longer aging times. Beef
retail color stability is a quality attribute of importance
influencing consumer purchasing decisions. Colle et al.
(2015) reported that increasing aging time of gluteus
medius and longissimus lumborum muscles up to 63 d
postmortem increased consumer ratings. However, in
that experiment, increased aging decreased color stabil-
ity of both muscles.

Increased postmortem aging has been reported to in-
fluence beef color (Lee et al., 2008a, 2008b; Mancini
and Ramanathan, 2014) and reduce lean color stability
(Mancini and Ramanathan, 2014; English et al., 2016;
Mitacek et al., 2019). Moreover, postmortem aging has
been reported to affect the biochemical processes deter-
mining lean color stability (Ledward, 1985; Feldhusen
et al., 1995; Tang et al., 2005a, 2005b). Oxygen con-
sumption and metmyoglobin reducing activity play
key roles in determining lean color and color stability
(Tang et al., 2005a, 2005b; Ramanathan et al., 2013).
Mancini and Ramanathan (2014) reported reductions
in mitochondrial oxygen consumption and metmyoglo-
bin reducing ability with increased postmortem aging
time, which was associated with greater bloom develop-
ment, coupled with decreased color stability.

Muscles differ with regard to lean color stability
(McKenna et al., 2005; King et al., 2011). Muscles
within a carcass differ in metabolic characteristics.
Muscles with greater lean color stability have been
reported to have greater abundance of glycolytic
enzymes and proteins that act as antioxidants and chap-
erones (Joseph et al., 2012; Nair et al., 2018). Muscle
differences in color stability are associated with the rel-
ative capacity of each muscle for oxygen consumption
and metmyoglobin reduction (McKenna et al., 2005).

Muscles differ in metabolic characteristics that are
impacted by postmortem aging. It is not clear how these
changes interact with even small differences in mar-
bling level to impact lean color stability. The present
experiment was conducted to examine the effects of
extended postmortem aging on beef lean color stability
in 3 muscles from carcasses representing 2 classes of
marbling scores.

Materials and Methods

Carcasses used in this experiment were selected,
postmortem, from a commercial packing facility. Thus,

animal care and use approval was not obtained for this
experiment.

Sample selection and handling

Carcasses (N= 100) were selected from a commer-
cial packing facility, approximately 36 h postmortem,
as they were presented for grading. Using the output of
the US Meat Animal Research Center beef image
analysis grading system (VBG 2000, Oranenberg,
Germany; Shackelford et al., 2003), carcasses were
selected to have marbling scores that were either
between Slight50 and Slight90 (Upper Slight; n= 50)
or between Small00 and Small40 (Lower Small; n= 50).
Thus, carcasses included in the present experiment
represented the U.S. Select and U.S. Choice grades.
Carcasses were selected on 3 production days (2 to
3 wk apart, n= 40, 40, and 20, respectively), and
although production lot was not considered during car-
cass selection, this information was recorded for each
carcass. The beef loin strip loin (similar to Institutional
Meat Purchase Specifications #180 [USDA, 2014])
and beef loin top sirloin butt (similar to Institutional
Meat Purchase Specifications #184 [USDA, 2014])
were collected from both sides of each carcass assigned
to postmortem aging times of 14, 21, 28, or 35 d in an
incomplete block arrangement so that each combination
of aging times occurred within a carcass an equal num-
ber of times. Moreover, carcass sides were assigned to
aging times so that, within each aging time comparison,
the number of left and right sides assigned to each aging
time were as balanced as possible. For example, 17 car-
casses had cuts assigned to both the 14- and 28-d aging
times, of which 8 carcasses had cuts from the left side
assigned to the 14-d aging period. After fabrication, each
subprimal was sorted into its respective aging time, vac-
uum packaged (<10 mL/M2/24 h at 23°C, 0% relative
humidity; Cryovac, Duncan, SC), boxed, palletized,
and shipped under refrigeration (−2°C) to the US Meat
Animal Research Center abattoir, where they were aged
(−1°C) for the prescribed time.

After aging, subprimals were unpackaged, and the
top sirloin butt was separated into the gluteus medius
(with the gluteus accessorius removed) and the proximal
portion of the biceps femoris (sirloin cap). A 1.27-cm-
thick slice and a 2.54-cm-thick steakwere removed from
the anterior aspect of the gluteus medius for use for mea-
surement of pH andmyoglobin concentration, and simu-
lated retail display, respectively. A 2.54-cm-thick steak
was removed from the most posterior aspect of each
biceps femoris muscle and used for simulated retail
display. A 1.27-cm-thick steak and two 2.54-cm-thick
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steaks were removed from the anterior portion of each
longissimus lumborum for use in myoglobin and pH
determination, simulated retail display, and determina-
tion of oxygen consumption and nitric oxide metmyo-
globin reducing ability, respectively. Steaks designated
for myoglobin concentration and muscle pH were vac-
uum packaged and frozen until analysis.

Simulated retail display

Steaks were placed on polystyrene trays with soaker
pads and overwrapped with oxygen-permeable polyvi-
nylchloride film (Stretchable meat film 55003815;
Prime Source, St. Louis, MO; oxygen transmission
rate= 1.4 mL/cm2/24 h at 23°C). Steaks were placed
under continuous fluorescent lighting (color tempera-
ture= 3,500 K; color rendering index= 86; 32 Watt;
T8 Ecolux bulb [model number F32T8/SPX35 GE,
GE Lighting, Cleveland, OH]), and light intensity at the
meat surface was approximately 2,000 lx. Display was
conducted in a refrigerated room (1°C), and no temper-
ature fluctuations associated with defrost cycles were
encountered.

Steaks cut after aging were bloomed for at least 2 h
after being packaged before color measurements were
taken. Instrumental color readings were taken on each
steak on day 0, 1, 4, 7, and 11 using a HunterLab
MiniscanXEPlus colorimeter (HunterLab, Reston, VA)
with a 25-mm port. The colorimeter was set to collect
spectral data with Illuminant A and a 10° observer.
Commission Internationale de l´Eclairage (“Inter-
national Commission on Illumination”) L* (lightness),
a* (redness), and b* (yellowness) color-space values
were reported as the average of duplicate readings taken
on each steak. Chroma (color intensity; also known as
saturation index) was calculated as [(a*2þ b*2)0.5].
Hue angle (redness) was calculated as [Arctangent
(b*/a*)× 180/3.142]. Overall color change (ΔE) was
calculated as [(ΔL*2þΔa*2þΔb*2)0.5], where ΔL*,
Δa*, and Δb* are the difference between day 0 and
day 1, 4, 7, and 11 values for L*, a*, and b*, respec-
tively. Additionally, spectral data were used to cal-
culate K/S572/K/S525 ratios to estimate accumulation of
metmyoglobin as described by the American Meat
Science Association (2012).

pH and myoglobin concentration

Myoglobin concentration and pH were measured
on the 1.27-cm steaks removed from the most anterior
portion of the longissimus lumborum and gluteus med-
ius muscles. Because the small size of the biceps fem-
oris (sirloin cap) limited the number of steaks available,

these traits were determined on the simulated retail dis-
play steak after the display period was completed.
Previously frozen steaks were thawed enough to be
diced, but not enough for purge to be released from
the steak. In each case, steaks were trimmed free of
external fat and epimysium, diced, and pulverized in
liquid nitrogen to produce a homogenous powder.
Muscle pH was determined as prescribed by Bendall
(1973). Duplicate 2.5-g powdered samples were
homogenized in 10 volumes of a 5 mM iodoacetate,
150 mM KCl solution (pH= 7.0). Homogenates were
held for a minimum of 1 h at room temperature and
mixed via vortexing, and pH was measured using a
semi-micro combination electrode (Corning, Inc.,
Corning, NY) attached to a Corning 125 pH meter.

Myoglobin was extracted and quantified following
the method described by Warris (1979) as modified by
Hunt et al. (1999). Briefly, duplicate 2.5-g powdered
samples were homogenized in 10 volumes of 40 mM
potassium phosphate buffer (pH= 6.8). Homogenates
were held, on ice, for 1 h to allow complete pigment
extraction before centrifugation (15,000× g) for 30min
at 4°C. Supernatant (1.5 mL) was syringe filtered
(Nalgene 0.45 μm, surfactant-free cellulose acetate
membrane; Thermo Fisher Scientific, Rochester, NY)
into a 4-mL cuvette with 1 mL of 40 mM phosphate
buffer and 0.5 mL of sodium hydrosulfite (10 mg/mL).
Absorbance spectra (400 to 700 nm) was scanned on
each sample using a DU 640 spectrophotometer
(Beckman Coulter, Inc, Fullerton, CA). Once samples
were verified to be in the reduced state (absorbance
peak within 2 nm of 433), extracted pigment concentra-
tion was calculated using the absorbance at 433 nm,
a molar extinction coefficient of 114,000 M−1cm−1,
the molecular weight of myoglobin (16,800), and the
appropriate dilution factor.

Oxygen consumption

From each longissimus lumborum muscle, the
steak immediately posterior to the simulated retail dis-
play steak was used to determine oxygen consumption
and nitric oxide metmyoglobin reducing ability. After
cutting, these steaks were placed on a plastic tray,
covered with the same film used for simulated retail
packages, and allowed to bloom in the same refrigera-
tion and lighting conditions used for simulated retail
display for at least 2 h. From the center portion of each
steak, a cube (2.54 cm × 2.54 cm × steak thickness)
was cut that was free of visible connective tissue and
large marbling flecks. The cube was divided into top
and bottom halves along the original steak thickness
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dimension, exposing the interior of the steak that had
never been exposed to air or light. The top surface of
the bottom half of the cube removed from each steak,
which had previously been the interior of the steak, was
used for measuring oxygen consumption. The newly
exposed portion of the steak was oxygenated for 30min
at 1°C. The sample was vacuum packaged and scanned
immediately with a HunterLab Miniscan XE Plus col-
orimeter with the settings previously described, with
the modification that the colorimeter was calibrated
through the oxygen-impermeable film of a vacuum
bag. The vacuum package was incubated for 30 min
in a 30°C water bath and scanned with the colorimeter
to collect spectral data. The proportion of surface oxy-
myoglobin was calculated on the oxygenated and
deoxygenated samples as described by the American
Meat Science Association (2012). Standards for 100%
deoxymyoglobin and oxymyoglobin were created
using the methods described by Mancini et al. (2003).
Oxygen consumption was reported as the percentage of
oxymyoglobin prior to incubation minus the percent-
age of oxymyoglobin after incubation.

Nitric oxide metmyoglobin reducing ability

Metmyoglobin reducing ability was measured on
the top half of the cube removed from the steak on
the surface that had been previously exposed to light
in a manner as described by Sammel et al. (2002). The
sample was oxidized in 50 mL of a 0.3% sodium nitrite
solution for 20 min at approximately 20°C. The sample
then was removed from the solution, blotted, and vac-
uum packaged. Immediately following packaging, the
sample was scanned with the HunterLab Miniscan col-
orimeter with previously described settings. The sam-
ple was allowed to reduce in a 30°C water bath for 2 h,
when the sample was rescanned. Surface metmyoglo-
bin was quantified using the equations defined by the
American Meat Science Association (2012). The pro-
portion of surface metmyoglobin initially recorded
immediately after oxidation with nitrite was reported
as initial metmyoglobin formation (IMF). Metmyo-
globin reducing activity was reported as the absolute
difference in surface metmyoglobin between the initial
(oxidized) readings and the final (reduced) readings.

Statistical analysis

These data were analyzed as a split plot using the
PROC GLIMMIX procedure of SAS version 9.4 (SAS
Institute Inc., Cary, NC). The whole plot experimental
unit was carcass with treatments of marbling class and
muscle. The subplot experimental unit was muscle with

the treatment of aging time. The model analyzing simu-
lated retail display data tested the fixed effects ofmuscle,
aging time, and marbling class. Data were analyzed as
repeatedmeasureswith a spatial power covariance struc-
ture. Day of display and its square were fit as covariates.
The model also tested all possible interactions among
fixed effects and covariates. Nonsignificant (P> 0.05)
covariate and covariate interaction terms were removed
from the model; thus, the simplest regression equations
describing changes in color traits during simulated retail
display were determined using contrast statements. For
effects involving day of display, linear orthogonal con-
trasts were used to determine whether the intercepts and/
or β-coefficients associated with color change of steaks
from differing treatments differed from one another. For
effects not involving day of display, least-squaresmeans
were separated using the “DIFF” and “LINES” options.

Myoglobin, mitochondrial abundance, and pH data
were analyzed with a similar model to the one described
earlier with the exception that day of display was not
included. Oxygen consumption and nitric oxide met-
myoglobin reducing activity data were analyzed using
a model similar to those earlier but excluding both
day of display and muscle. Pearson correlation coeffi-
cients were obtained for biochemical traits and color
attributes on day 0 and 11 of display longissimus lumbo-
rum steaks using the PROC CORR procedure of SAS.
Correlations were also calculated among residuals for
these traits after aging effects had been removed using
a mixed model with the fixed effect of aging time and
random effects of selection day and carcass (marbling
class). A significance level of 0.05 was used for all judg-
ments of statistical significance.

Results

Muscle × display day interaction

The muscles examined in the present experiment
were selected for this experiment because of their impor-
tance to the retail sector. Moreover, in our previous com-
parisons of 14 beef muscles (King et al., 2011), these
muscles were the most stable (longissimus lumborum),
the most labile (biceps femoris, sirloin cap), and inter-
mediate (gluteus medius) during simulated retail display.
Muscle interacted with day of display for all the color
attributes evaluated. Trends for change in lean color
attributes of each of thesemuscles during simulated retail
display are presented in Figure 1. At the onset of retail
display, gluteus medius steaks had the greatest (P<
0.001) and biceps femoris had the lowest (P< 0.001)
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L* values, with longissimus lumborum steaks having
intermediate L* values (Figure 1A) although these differ-
ences were small in magnitude. The linear and quadratic
terms that described the change in L* values during dis-
play differed (P< 0.05) among the 3 muscles.

Day 0 a* values were lowest (P< 0.001) for biceps
femoris steaks, greatest (P< 0.001) in gluteus medius,
and intermediate in longissimus lumborum steaks
(Figure 1B). Redness (a* values) decreased in all 3
muscles during simulated retail display. In longissimus

Figure 1. Regression trends for changes in lean color attributes of longissimus lumborum, gluteus medius, and biceps femoris steaks during simulated
retail display. BF, biceps femoris; DE, ΔE, overall color change; GM, gluteus medius; LL, longissimus lumborum.

Meat and Muscle Biology 2021, 5(1): 21, 1–14 Andy King et al. Aging effects on beef color stability

American Meat Science Association. 5 www.meatandmusclebiology.com

www.meatandmusclebiology.com


lumborum steaks, a* values decreased slowly early in
the display period and more rapidly later in the display
period. Conversely, a* values decreased rapidly in the
display period and then more slowly in the latter por-
tion of the display period in gluteus medius and biceps
femoris steaks. The slower (P< 0.001) losses of red-
ness in longissimus lumborum steaks compared to
gluteus medius and biceps femoris steaks were also
reflected in hue angle values (Figure 1D). Although the
intercept, linear, and quadratic β-coefficients describ-
ing changes in hue angle differed (P< 0.05) between
gluteus medius and biceps femoris steaks, the resulting
trend lines were very similar.

Changes in b* and chroma values followed similar
trends (Figure 1C and 1E). As time in display in-
creased, the values of these variables decreased, though
the trend associated with longissimus lumborum steaks
differed from the trends associated with gluteus medius
and biceps femoris, which were similar. In longissimus
lumborum steaks, changes in these attributes occurred
slowly early in the display period and thenmore rapidly
as time in display increased. Conversely, in gluteus
medius and biceps femoris steaks, change in these
variables was more rapid early in the display period
and slowed as time in display increased. Initial values
for b* and chroma were higher (P< 0.001) for biceps
femoris than for gluteus medius steaks, but the
β-coefficients for the linear and quadratic terms
describing their change were similar (P= 0.06) for
the 2 muscles. For both gluteus medius and biceps fem-
oris steaks, overall color change occurred rapidly in the
early portion of display followed by a plateau after day
8 of display (Figure 1F). In contrast, overall color
change of longissimus lumborum occurred more
slowly in the early portion of the display period and
then at an increasing rate as the display period
progressed.

Aging time × display day interaction

Aging time also interacted with day of display to
affect all the color attributes evaluated in this experiment
(Figure 2). The initial L* values were higher (P< 0.02)
in steaks from subprimals aged for 14 or 35 d than in
steaks from 21- or 28-d aging (Figure 2A). However,
changes in L* values during display did not differ
(P> 0.05) among the aging times evaluated in this
experiment. Redness (a*) did not differ (P> 0.05)
among aging times on day 0 of display (Figure 2B).
Increasing aging time increased (P< 0.05) the rate of
decline in a* values during simulated retail display.
Steaks from 35-d aging had the greatest (P< 0.001) rate

of decline in a* values, whereas steaks from 14-d aging
had the lowest (P< 0.001).

On day 0 of display, steaks from 14-d aging had
the highest (P< 0.001) b* values (Figure 2C). Steaks
from 35-d aging had a more rapid (P< 0.001) decline
in b* values than steaks from all shorter aging times.
Initial color intensity (chroma) did not differ (P> 0.07)
across aging times (Figure 2E). The decline in chroma
during display was most rapid (P< 0.001) in steaks
from 35-d aging and slowest (P= 0.01) in steaks from
14-d aging.

On day 0 of display, steaks from 14-d aging had the
highest (P< 0.02) hue angle values compared to steaks
from longer aging periods (Figure 2D). Although stat-
istical differences in the parameters describing the
changes in hue angle during display across aging times
were detected (P< 0.05), the trends in hue angle asso-
ciated with the aging times evaluated in the present
study were likely not practically important.

Overall color change (ΔE) increased rapidly during
the early portion of the display period (Figure 2F).As the
time in display increased, the rate of overall color change
decreased. The rate of color change was slowest (P<
0.001) in steaks from 14-d aging, greatest (P< 0.001)
for 35-d aging, and intermediate in steaks from
21- and 28-d postmortem aging.

Muscle, aging time, and marbling class main
effects and their interactions

Hue angle valueswere higher (P< 0.001) for biceps
femoris (sirloin cap portion) steaks than those for long-
issimus lumborum steaks, whichweremuch higher (P<
0.001) than those for gluteus medius steaks (Table 1).
Furthermore, hue angle values were higher (P< 0.03)
for steaks from 14-d aging than for those aged for any
other time except 28 d. Hue angle values were lowest
(P< 0.03) in steaks from 21-d postmortem aging.

A muscle × aging time interaction affected L*, b*,
and overall color change (ΔE) values. Regardless of
aging time, lightness (L*) was greatest (P< 0.05) in
gluteus medius steaks and lowest (P< 0.05) in biceps
femoris steaks. In longissimus lumborum steaks, L*
values were lower (P< 0.03) in steaks from 35-d aging
than those from 14- or 28-d aging. For gluteus medius
steaks, L* values were highest (P< 0.001) in steaks
from 14-d aging and lowest (P< 0.01) in steaks from
21- or 28-d postmortem aging. Biceps femoris steaks
from 21- or 28-d aging had lower (P< 0.01) L* values
than biceps femoris steaks from 14- or 35-day aging
times. Yellowness (b*) values were greater (P<
0.05) for longissimus lumborum and gluteus medius
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steaks than for biceps femoris steaks regardless of
aging time.When aged for 28 d, longissimus lumborum
steaks had higher (P = 0.01) b* values than gluteus
medius steaks; however, steaks from these 2 muscles
had similar b* values within each of the other aging
times. Each increase in aging time resulted in decreased

(P< 0.002) b* values in longissimus lumborum.
Similarly, in gluteus medius and biceps femoris steaks,
b* values decreased (P< 0.05) when aging time was
increased, but each aging increment was not always
significant. Overall color change (ΔE) was much less
extensive (P< 0.05) in longissimus lumborum steaks

Figure 2. Regression trends for changes in lean color attributes of steaks aged for 14, 21, 28, or 35 d postmortem during simulated retail display. DE,ΔE,
overall color change.
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Table 1. Least-squares means for color attributes for muscle, aging time, and marbling class effects and their
interactions during simulated retail display

Main effects and interactions L* a* b* Hue angle Chroma ΔE

Muscle

Longissimus lumborum 41.5 23.2 24.9 45.7b 34.5 13.6

Gluteus medius 42.6 29.2 25.1 38.1c 38.6 14.0

Biceps femoris 40.4 20.6 22.6 46.6a 31.0 6.3

SEM 0.2 0.2 0.1 0.2 0.2 0.2

P> F <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Aging time

14 d 41.9 24.9 25.2 43.8a 35.9 10.6

21 d 41.4 24.3 23.7 42.9c 34.4 11.3

28 d 41.3 23.5 23.5 43.6ab 33.6 12.1

35 d 41.5 24.4 24.3 43.4b 34.9 11.2

SEM 0.2 0.2 0.1 0.2 0.2 0.2

P> F 0.01 0.83 <0.001 <0.01 0.28 0.60

Marbling class

Lower Small1 42.0 24.3 24.2 43.5 34.7 11.3

Upper Slight2 41.1 24.3 24.2 43.4 34.7 11.3

SEM 0.3 0.2 0.1 0.2 0.2 0.2

P> F 0.02 0.89 0.73 0.88 0.99 0.85

Muscle× aging time interaction

Longissimus lumborum 14 d 41.8d 29.7 26.0a 38.7 39.6a 5.3j

Longissimus lumborum 21 d 41.5de 29.6 25.3b 37.9 39.1b 6.0i

Longissimus lumborum 28 d 41.6d 29.2 24.7c 37.7 38.3c 6.5h

Longissimus lumborum 35 d 41.3e 28.2 24.2d 38.3 37.3d 7.5g

Gluteus medius 14 d 43.3a 23.9 26.1a 46.0 35.9e 13.5e

Gluteus medius 21 d 42.5b 23.2 25.1b 45.8 34.6f 14.0cd

Gluteus medius 28 d 42.1c 23.1 24.3d 45.1 34.0g 14.0c

Gluteus medius 35 d 42.5b 22.4 24.1d 45.8 33.4h 14.7a

Biceps femoris 14 d 40.8f 21.2 23.5e 46.8 32.2i 13.0f

Biceps femoris 21 d 40.1g 20.5 22.5f 46.5 30.9j 13.7cde

Biceps femoris 28 d 40.2g 20.6 22.2g 46.1 30.8j 13.5de

Biceps femoris 35 d 40.7f 20.0 22.1g 46.8 30.2k 14.1b

SEM 0.2 0.2 0.1 0.3 0.2 0.2

P> F <0.001 0.16 <0.01 0.74 0.02 0.01

Muscle×marbling class interaction

Longissimus lumborum Lower Small1 41.9c 29.0a 25.0ab 38.2 38.4a 6.4c

Longissimus lumborum Upper Slight2 41.2d 29.4a 25.1a 38.0 38.7a 6.2c

Gluteus medius Lower Small1 43.2a 23.1b 24.9ab 45.7 34.4b 14.2a

Gluteus medius Upper Slight2 42.0b 23.2b 24.9b 45.6 34.5b 13.8ab

Biceps femoris Lower Small1 40.8e 20.7c 22.7c 46.5 31.2c 13.3b

Biceps femoris Upper Slight2 40.1f 20.4c 22.4c 46.6 30.8c 13.8ab

SEM 0.3 0.3 0.1 0.3 0.2 0.3

P> F <0.01 0.02 0.04 0.42 0.01 <0.01

Aging time×marbling class interaction

14 d Lower Small1 42.5a 24.7ab 25.4a 43.9 35.6a 10.8

14 d Upper Slight2 41.4c 25.2a 25.1a 43.7 36.2a 10.4

21 d Lower Small1 41.5c 24.5ab 24.4b 43.4 34.9b 11.2

21 d Upper Slight2 41.2c 24.4b 24.3b 43.4 34.8bc 11.2

28 d Lower Small1 42. 0b 24.2b 23.8c 43.0 34.3cd 11.3

28 d Upper Slight2 40.7d 24.4b 23.7c 42.9 34.5bcd 11.3

Meat and Muscle Biology 2021, 5(1): 21, 1–14 Andy King et al. Aging effects on beef color stability

American Meat Science Association. 8 www.meatandmusclebiology.com

www.meatandmusclebiology.com


than in either biceps femoris or gluteus medius steaks at
all aging times. Generally, increasing aging time
increased (P< 0.05) the amount of color change
observed in all muscles, although this trend was more
pronounced in longissimus lumborum steaks than in
gluteus medius or biceps femoris steaks.

Muscle and marbling class interacted to affect L*,
a*, b*, chroma, and overall color change (ΔE). Steaks
from carcasses with Lower Small marbling had higher
(P< 0.05) L* values than those from carcasses with
Upper Slight marbling regardless of muscle, but the
magnitude of the differences was greater for gluteus
medius. Values for a* were highest (P< 0.05) in long-
issimus lumborum steaks, intermediate in gluteus med-
ius steaks, and lowest (P< 0.05) in biceps femoris
steaks. Longissimus lumborum steaks from carcasses
with Upper Slight marbling scores had higher (P< 0.02)
b* values than gluteus medius steaks from carcasses
with Upper Slight marbling. Longissimus lumborum
and gluteus medius steaks from carcasses with Lower
Small marbling scores did not differ (P= 0.50) in b*
values. Longissimus lumborum steaks exhibited much
less (P< 0.05) overall color change than gluteus medius
or biceps femoris steaks. Within muscle, marbling class
differences in color change were not significant, but
color change was greater (P< 0.001) in gluteus medius
steaks from carcasses with Lower Small marbling than
in biceps femoris steaks from carcasses with Lower
Small marbling. Gluteus medius steaks from carcasses
with Upper Slight marbling scores did not differ (P=
0.80) from biceps femoris steaks from carcasses with
Upper Slight marbling scores.

Aging time and marbling class interacted to affect
L*, a*, b*, and chroma values. Steaks from Lower
Small carcasses had higher (P< 0.01) L* values than
steaks from Upper Slight carcasses at 14, 28, and 35 d
postmortem. In steaks from Upper Slight carcasses, L*
values were lower (P< 0.01) in steaks aged for 28 d
than steaks subjected to other aging times. However,
in steaks from Lower Small carcasses, L* values were
highest (P< 0.001) when aged for 14 d compared to all

other aging times. As aging time increased, a* values
tended to decrease (P< 0.05), and a* values did not
differ between marbling classes at any of the aging
times evaluated in the present experiment. Similar
trends were observed for b* and chroma values.

Biochemical traits influencing color stability

Myoglobin concentration was higher (P< 0.05) in
biceps femoris steaks than in gluteus medius steaks,
followed by longissimus lumborum steaks (Table 2).
Muscle pH was higher in biceps femoris steaks than
in gluteus medius or longissimus lumborum steaks.
However, this difference in muscle pH was so small
as to have little importance.

Myoglobin concentration increased linearly (P<
0.01) with increased aging time although the magni-
tude of the differences was small (Table 2). This effect
could possibly be attributable to moisture losses during
aging; however, because purge losses were not mea-
sured in the present experiment, this hypothesis cannot
be tested. Trends associated with changes in pH during
extended aging time were cubic in nature; however,
these differences were small, and the mechanism
responsible for these changes is not clear. The relation-
ship between oxygen consumption and aging time in
longissimus lumborum was quadratic (P= 0.02) in
nature, with oxygen consumption decreasing substan-
tially between day 14 and day 21 and then remaining
relatively constant through 35 d of aging.

Nitric oxide metmyoglobin reducing activity
decreased dramatically between day 14 and 21, was flat
between day 21 and 28, and then decreased slightly
between day 28 and 35. Polynomial contrasts indicate
that IMF changed cubically (P< 0.001) with extended
postmortem aging, although these differences were
very small. IMF decreased slightly between day 14 and
21 of aging, increased slightly between day 21 and
day 28 of aging, and then decreased between day 28
and day 35 of aging. Thus, results pertaining to IMF,
which indicate a slight increase in reducing capacity

Table 1. (Continued )

Main effects and interactions L* a* b* Hue angle Chroma ΔE
35 d Lower Small1 41.9b 23.7c 23.7c 43.6 33.9de 12.0

35 d Upper Slight2 41.1c 23.3c 23.2d 43.7 33.3e 12.2

SEM 0.3 0.3 0.1 0.3 0.3 0.3

P> F <0.001 0.04 <0.01 0.89 <0.01 0.53

1Marbling scores between Small00 and Small50; n= 50.
2Marbling scores between Slight50 and Slight90; n= 50.
a–jLeast-squares means within an effect and within a column lacking common superscripts differ (P< 0.05).
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with postmortem aging, are in contrast with results per-
taining to nitric oxide metmyoglobin reducing ability,
which indicate a substantial loss in reducing capacity
with postmortem aging. Of the component traits, only
oxygen consumption was affected by marbling class.
Oxygen consumption was greater (P< 0.03) in steaks
from carcasses with marbling scores in the Upper
Slight class than in those from the Lower Small class.

Correlations between biochemical factors
and color attributes of longissimus
lumborum

To allow insight into the contribution of each of the
component traits to variation in lean color stability, as
well as to the aging effect, correlation coefficients were
calculated both for relationships among the raw data
and residuals of a mixed model accounting for aging
time effects in these traits (Table 3). Increased myo-
globin concentration was associated with darker lean
color (lower L* values; P< 0.05) on day 0 and 11 of
display and greater red lean color (higher a* and lower
hue angle values; P< 0.05) on day 0 of display.
Increasedmyoglobin concentration was also associated

with increased color change (P< 0.05) during simu-
lated retail display. When postmortem aging effects
were removed from the dataset, these relationships
remained, except that day 0 hue angle values were
no longer significantly (P> 0.05) correlated to myo-
globin concentration.

A relationship (P< 0.05) existed between day 0
hue angle values and muscle pH, and this relationship
remained (P< 0.05) when aging effects were removed.
Moreover, when aging effects were removed, increased
muscle pH was moderately related (P< 0.05) to less
redness and increased color change on day 11 of simu-
lated retail display (P< 0.05). Increased oxygen con-
sumption was associated with darker lean color (P<
0.05) on day 0 and 11 of simulated retail display. After
removing aging effects, oxygen consumption was still
correlated to day 0 and 11 L* values (P< 0.05) and was
related to increased color change during simulated
retail display (P< 0.05). At the start of simulated retail
display, increased nitric oxide metmyoglobin reducing
ability was associated with darker (lower L*; P< 0.05)
and less red (higher hue angle values; P< 0.05) lean
color. At the end of simulated retail display, in-
creased nitric oxide metmyoglobin reducing ability

Table 2. Least-squares means for biochemical traits for muscle, aging time, and marbling class effects

Main effects
Myoglobin

concentration, mg/mL pH
Oxygen

consumption, %
Nitric oxide metmyoglobin

reducing ability, %
Initial metmyoglobin

formation, %

Muscle

Longissimus lumborum 4.3c 5.6b – – –

Gluteus medius 5.3b 5.6b – – –

Biceps femoris 5.8a 5.6a – – –

SEM 0.1 0.02 – – –

P> F <0.001 <0.001 – – –

Aging

14 d 5.0 5.6 59.1 72.0 81.4

21 d 5.1 5.6 53.2 57.6 78.7

28 d 5.2 5.6 50.5 57.5 80.6

35 d 5.3 5.5 53.9 53.7 76.1

SEM 0.1 0.02 2.5 2.7 3.3

P> F <0.01 <0.001 0.02 <0.001 <0.001

Linear P> F <0.01 <0.001 0.04 <0.001 0.03

Quadratic P> F 0.94 <0.001 0.02 0.00 0.03

Cubic P> F 0.86 <0.001 0.75 0.02 <0.001

Marbling class

Lower Small1 5.1 5.6 51.7 59.1 79.2

Upper Slight2 5.1 5.6 56.7 61.3 79.2

SEM 0.1 0.0 2.1 2.4 3.3

P> F 0.87 0.58 0.03 0.19 0.87

1U.S. Choice carcasses with marbling scores between Small00 and Small50.
2U.S. Select carcasses with marbling scores between Slight50 and Slight90.
a–cLeast-squares means within an effect and within a column lacking common superscripts differ (P< 0.05).
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was associated with greater redness (higher a* values;
P< 0.05) and less overall color change (P< 0.05).
When aging effects were removed, increased nitric
oxide metmyoglobin reducing ability had similar asso-
ciations. Increased IMF was associated (P< 0.05) with
increased L* values on day 0 and 11 of simulated retail
display. When aging effects were removed, IMF was
associated (P< 0.05) with lighter and less red lean.

Discussion

Color stability differed across muscles

The 3 muscles evaluated in the present experiment
differed regarding lean color stability. Color attributes
were much more stable during simulated retail display
in longissimus lumborum steaks than in gluteus medius
or biceps femoris steaks. Changes in color attributes
during simulated retail display were generally less
extensive in gluteus medius steaks than in biceps fem-
oris steaks, although themagnitude of these differences
was generally small. In our previous comparison of
14 beef muscles (King et al., 2011), the longissimus
lumborum was the most stable, the sirloin cap portion
of the biceps femoris was the least stable, and the glu-
teus medius was intermediate with regard to lean color
stability. These differences in lean color stability across
muscles are consistent with other comparisons of beef

muscles (Faustman and Cassens, 1991; Lanari and
Cassens, 1991;McKenna et al., 2005).Muscle metabo-
lism may play a role in muscle differences in color
stability. Myoglobin concentration is an indicator of
oxidative capacity of a muscle. In this experiment,
ranking these muscles for myoglobin concentration
was inverse to their rankings for color stability. In
agreement with the present experiment, Hunt and
Hedrick (1977) reported that gluteus medius steaks
had greater myoglobin concentration than longissimus
lumborum steaks.

Kirchofer et al. (2002) classified each of the
muscles studied in the present experiment as “White”
based on muscle fiber type. Joo et al. (2017) found glu-
teus medius muscles to have a greater proportion of
type IIB fibers and a lower proportion of type IIA fibers
than longissimus lumborum muscles. In contrast, Hunt
and Hedrick (1977) reported a greater proportion of
α-White fibers in longissimus lumborummuscles com-
pared to gluteus medius. Proteomic studies of muscles
differing in color stability found muscles with stable
lean color to have greater abundance of glycolytic
enzymes (Joseph et al., 2012; Nair et al., 2018). More-
over, color-stable muscles had greater abundance of
proteins that function as antioxidants and chaperones
that protect other proteins from denaturation and aggre-
gation during the conversion of muscle to meat (Joseph
et al., 2012). Nair et al. (2018) suggested that the
greater abundance of glycolytic enzymes may enable

Table 3. Pearson correlation coefficients between biochemical traits and color attributes of longissimus lumborum
steaks on day 0 or 11 of simulated retail display

Trait
Myoglobin
concentration pH

Oxygen
consumption

Nitric oxide metmyoglobin
reducing ability

Initial metmyoglobin
formation

Correlations of raw data

Day 0 L* −0.38a 0.03 −0.33a −0.18a 0.34a

Day 0 a* 0.22a 0.09 −0.05 −0.06 −0.06
Day 0 hue angle −0.14a −0.18a −0.06 0.20a −0.06
Day 11 L* −0.41a 0.10 −0.26a 0.02 0.38a

Day 11 a* −0.13 −0.03 −0.04 0.19a 0.01

Day 11 hue angle 0.12 0.11 0.04 −0.09 0.07

Day 11 overall color change 0.18a 0.01 0.03 −0.20a −0.06
Correlations of residuals after aging effects were removed1

Day 0 L* −0.21a −0.09 −0.25a −0.14a 0.21a

Day 0 a* 0.22a 0.12 0.08 0.08 −0.04
Day 0 hue angle −0.10 −0.17a −0.04 0.30a 0.14a

Day 11 L* −0.26a −0.06 −0.19a −0.04 0.21a

Day 11 a* −0.10 −0.17a −0.12 0.15a 0.05

Day 11 hue angle 0.04 0.21a 0.04 −0.19a 0.08

Day 11 overall color change 0.17a 0.18a 0.19a −0.05 −0.11
1Correlations among residual values from a mixed model accounting for the fixed effect of aging time.
aP< 0.05.
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the generation of reduced nicotinamide adenine dinu-
cleotide, which is needed for metmyoglobin reduction.

Extended postmortem aging affected color
stability

Postmortem aging varies widely across the indus-
try, with product available at retail outlets after aging
times from 6 to 101 d postmortem (Martinez et al.,
2017). Postmortem aging has been reported to affect
the biochemical processes determining lean color sta-
bility (Ledward, 1985; Feldhusen et al., 1995; Tang
et al., 2005a). The shapes of regression curves describ-
ing the changes in color attributes of these steaks during
display in the current experiment indicate that the pro-
longed aging time decreased lean color stability in
these muscles. Liu et al. (1996) reported that increasing
aging time of longissimus lumborum steaks from 14 to
28 and from 28 to 56 d postmortem increased changes
in a* and hue angle values. This is consistent with
aging effects that were previously reported (Mancini
and Ramanathan, 2014; Nair et al., 2014; English et al.,
2016; Mitacek et al., 2019). The results of the present
experiment were in partial agreement with those of
Lindahl (2011), who reported that longissimus lumbo-
rum and semimembranosus steaks aged in vacuum for
5 d had less surface metmyoglobin formation during
5 d of aerobic dark storage than steaks of the same
muscles aged for 25 d in vacuum. However, Lindahl
(2011) also reported steaks that were not aged (2 d post-
mortem) had greater surface metmyoglobin accumula-
tion than steaks that were aged.

In the present experiment, increasing aging time
from 14 to 21 d decreased oxygen consumption and
nitric oxide metmyoglobin reducing ability, but further
aging had little effect on these traits. In contrast,
Mancini and Ramanathan (2014) reported progressive
decreases in mitochondrial oxygen consumption and
metmyoglobin reducing activity with increased post-
mortem aging up to 45 d postmortem. English et al.
(2016) reported progressive decreases in nitric oxide
reducing activity in longissimus lumborum steaks with
increased aging from 21 to 62 d postmortem. Those
investigators detected decreases in oxygen consump-
tion between 21 and 42 d postmortem but did not detect
a difference in oxygen consumption when aging time
was increased from 42 to 62 d postmortem. Nair et al.
(2018) also reported decreasedmetmyoglobin reducing
ability and, consequently, reduced redness of beef
muscles with increased aging times up to 21 d. Those
investigators also indicated that glycolytic enzymes
were more abundant in muscles at aging times with

greater color stability and may indicate the availability
of substrates needed for metmyoglobin reduction. This
finding is supported by the report of depletion of
metabolites that can regenerate nicotinamide adenine
dinucleotide with increased aging time of beef longis-
simus lumborum steaks (Mitacek et al., 2019).

Marbling class had little effect on color
stability

The marbling classes studied in the present experi-
ment reflect a large difference in carcass values (U.S.
Choice vs. U.S. Select). However, the actual difference
inmarbling is small. Thus, the finding that the marbling
classes in the present experiment had little impact on
the color stability traits evaluated was not entirely
unexpected. Larger marbling differences are likely to
represent histochemical differences in the muscle that
warrant further investigation.

The findings of the present experiment are in con-
trast with the reports of Behrends et al. (2003), which
indicated that round muscles of U.S. Low Choice car-
casses had less surface discoloration during 10 d of
simulated retail display than those from U.S. High
Choice or Select carcasses. Correale et al. (1986)
reported that longissimus lumborum steaks from U.S.
Prime carcasses had less surface discoloration after
6 d of simulated retail display than longissimus lumbo-
rum steaks from U.S. Good (now U.S. Select) car-
casses. It should be noted that both Correale et al.
(1986) and Behrends et al. (2003) used very small sam-
ple sizes (n= 5 and 3 carcasses per grade group, respec-
tively) such that a single carcass with divergent color
stability properties could have skewed the grade group
mean. King et al. (2011) reported that quality grade
(U.S. Choice vs. U.S. Select; i.e. marbling groups sim-
ilar to those reported in the present experiment) had
negligible contribution to the variance in color attrib-
utes during simulated retail display.

Conclusions

From these results, it is evident that the longissimus
lumborum was the most color-stable muscle evaluated
in the present experiment. Color stability was similar
between the biceps femoris and gluteus medius steaks.
Increasing aging time generally reduced lean color sta-
bility, although these differences were not as extensive
as expected and were muscle dependent. Marbling
score had little effect on color stability.
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