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Abstract This study aimed to compare the similarities, physicochemical properties, and
muscle fiber characteristics of porcine skeletal muscles. Fourteen types of muscles were
collected from nine pig carcasses at 24 h post-mortem and classified by muscle architecture
into two main groups, namely parallel and pennate. The muscles were further differentiated
into three subtypes per group. These included fan-shaped, fusiform, and strap for the
parallel group, and unipennate, bipennate, and multipennate for the pennate group. Parallel-
fibered muscles, which were composed of larger I, ITA, 11X, and IIXB fibers and a lower
density of IIA fibers, showed higher redness and yellowness values than pennate-fibered
muscles (p<0.05). However, the relative fiber area was not significantly different between
the parallel and pennate groups (p>0.05). In the subtypes of parallel architecture, the strap
group showed lower moisture content and higher redness values than the other subtypes and
had considerably higher amounts of oxidative fibers (I and IIA; 72.3%) than the fan-shaped
and fusiform groups (p<0.05). In the pennate group, unipennate showed comparatively
lower moisture content and higher lightness than other pennate subtypes and was composed
of smaller I, IIA, and IIX fibers than the bipennate and multipennate groups (p<0.05).
Finally, a different trend of muscle clustering by hierarchical cluster analysis was found
between physicochemical properties and muscle fiber characteristics. These results suggest
that the physicochemical properties and muscle fiber characteristics of porcine skeletal
muscles are not significantly dependent on morphological properties but are rather related
to the intrinsic properties of the individual muscles.
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Morphology and Muscle Fiber Characteristics of Porcine Skeletal Muscles

Introduction

The skeletal muscle is a structure formed by the systematic arrangement of muscle fibers, connective tissues, and tendon
elements (Roy and Edgerton, 2009). These structural features control the transmission of the force generated by the muscle-
tendon complex and the movement of each organ and tissue (Woittiez et al., 1984). The morphology of each muscle depends
on its physiological and mechanical functions. Muscles are classified according to their morphologies (Lieber and Fridén,
2000; Narici, 1999), with the two main types being parallel and pennate, where the muscle fibers are parallel or at an angle to
the force-generating axis, respectively (Wilson, 2014). These two types are further differentiated into strap (string or belt-like
shape), fusiform (wider and cylindrical in the center and tapering at the ends), or fan-shaped (a form in which fibers converge
at on end) for the parallel type, and unipennate (the shape in which the muscle fibers are oriented at one fiber angle to the
force generating axis), bipennate (a form with fibers on both sides of the tendon), and multipennate (a form in which fibers
are composed of several tendons in various directions) for the pennate type (Wilson, 2014).

The function of a muscle is to generate contraction and force to move or resist. The length and angle of muscle fibers
depend on the architecture of the muscle (Klont et al., 1998; Lieber, 2002; Woittiez et al., 1984). Each muscle is composed of
several types of muscle fibers with the contractile, metabolic, and physiological properties of each muscle differing according
to their fiber characteristics (Armstrong et al., 1987; Totland and Kryvi, 1991). Muscle fiber characteristics are closely related
to the physicochemical properties of meat, regardless of the animal species (Choi and Kim, 2009; Joo et al., 2013; Karlsson et
al., 1999; Kim et al., 2018; Ozawa et al., 2000; Ryu and Kim, 2005). Various studies have reported the following results
regarding the relationship between muscle fiber characteristics and physicochemical properties of meat: (1) The relative
compositions of type I and IIA fibers are positively correlated with redness and water-holding capacity, while those of type
IIB fibers are negatively correlated with water-holding capacity and tenderness (Joo et al., 2013; Kim et al., 2018); (2)
Muscles composed of a large amount of type I fibers have a high intramuscular fat content (Karlsson et al., 1999); (3) Type
IIA and IIB fibers show positive and negative correlations, respectively, with the ultimate post-mortem pH (Ryu and Kim,
2005); (4) Depending on the muscle type, the muscle fiber characteristics are different, which means that the meat quality
characteristics of each cut are different. In both porcine and bovine muscles, the M. psoas major (PM; tenderloin) consists of
relatively smaller muscle fibers and larger amounts of type I and IIA fibers compared to the M. longissimus dorsi (LD; loin),
the M. semimembranosus (SM; round), and the M. semitendinosus (ST; eye of round) (Cheng et al., 2020; Cheng et al., 2021;
Hwang et al., 2010; Kim et al., 2016). Accordingly, the tenderloin generally has better water-holding capacity, tenderness, and
color than other cuts, regardless of the species (Joo et al., 2013).

The relationship between meat quality and muscle fiber type differences has been well established in previous studies.
However, studies on the physicochemical properties and muscle fiber characteristics of muscles according to morphological
properties in terms of meat science are scant. Therefore, this study aimed to investigate the differences in physicochemical

and muscle fiber characteristics of porcine skeletal muscles with different morphologies (muscle architecture).

Materials and Methods

Muscle samples

Porcine skeletal muscles were obtained from the left side of crossbred (LandracexYorkshirexDuroc, castrated) pig
carcasses (n=9, 79.2+3.5 kg carcass weight) at 24 h post-mortem, at a commercial slaughterhouse. According to the muscle

architectures, 14 types of muscles including M. infrahyoid (IF), M. rectus abdominis (RA), M. gracilis (GR), PM, ST, SM, M.
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vastus (VT), M. diaphragm (DP), LD, M. biceps brachii (BB), M. biceps femoris (BF), M. rectus femoris (RF), M.
subscapularis (SS), and M. superficialis digital flexor (SDF) were obtained from each carcass and classified into two main
groups, parallel and pennate. The muscles were further subdivided into subtypes (parallel: strap, fusiform, and fan-shaped;
pennate: unipennate, bipennate, and multipennate), as shown in Fig. 1. For the analysis of proximate composition, meat
quality properties, and muscle fiber characteristics, the central part of each muscle was collected. Samples for
immunohistochemical staining were prepared using the Guth and Samaha (1969) method, with slight modifications. Briefly,
muscle pieces (1.0x1.0x1.5 cm) were cut from the central region of each muscle and immediately frozen in 2-methylbutane
cooled by liquid nitrogen. Frozen samples were kept at —80°C until staining. The remaining part of each sample was used for
the analysis of proximate composition (e.g., moisture, crude fat, crude protein, and crude ash) and meat quality properties

(e.g., pH, drip loss, cooking loss, meat color, and shear force).

Proximate composition

The proximate composition data were collected in triplicate for each sample. Moisture and crude ash were measured using
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Fig. 1. Representative porcine skeletal muscles classified according to muscle structure.
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the AOAC (2000) method, with slight modifications. To analyze the moisture content of the samples, 5.0 g was dried in an
oven at 105°C for 12 h. To measure crude ash, approximately 2 g of the sample was pre-dried at 105°C for 4 h and then
burned at 600°C for 6 h. The weights of the dried and burned matter were expressed as percentages of the initial weight of the
sample for the moisture and crude ash content, respectively. The Kjeldahl method (AOAC, 2000) was used to determine the
crude protein content. Briefly, 0.5 g of the sample was digested using sulfuric acid, and the ammonia distilled into boric acid.
The borate anions were titrated with hydrochloric acid and the crude protein content expressed by multiplying the analyzed
total nitrogen content by 6.25. Crude fat content was determined according to Folch et al. (1957), with slight modifications.
Briefly, the 5.0 g of the sample was homogenized in 35 mL of Folch solution (chloroform:methanol, 2:1, v:v) and placed in
the refrigerator (4°C) for 2 h. Next, the homogenate was filtered through a filter paper (Whatman No. 1, Merck KGaA,
Darmstadt, Germany), and a 0.88% NaCl solution used to separate the filtrate into two layers. The upper layer was removed,
and the crude fat collected after evaporating the lower layer using nitrogen gas. Crude fat was expressed as a percentage of

the sample.

Meat quality properties

Data for meat quality properties were collected in triplicate for each muscle. For pH determination, 3 g of each sample was
homogenized with 27 mL of deionized water, and the pH of the homogenate measured using a pH meter (S220, Mettler
Toledo, Greifensee, Switzerland). To evaluate the meat color of the porcine skeletal muscles, the muscles were cut and
exposed to air for 20 min to oxygenate the myoglobin. Meat color was measured using a colorimeter (CR-400, Konica
Minolta, Tokyo, Japan) after calibration with a white plate (Y=93.5, x=0.3132, y=0.3198). The meat color was presented
according to the Commission Internationale de 1’Eclairage system (CIE, 1977): lightness, CIE L*; redness, CIE a*; and
yellowness, CIE b*. To determine the water-holding capacity of the samples, drip and cooking losses were measured. Drip
loss was determined by analyzing the weight loss after suspension of the muscle (approximately 50 g) in a plastic bag for 24
h, according to Honikel (1987), with slight modifications. Cooking loss was determined by placing 40 g of the sample in a
plastic bag and cooking it in a water bath (75°C) until the internal temperature reached 70°C. After cooling to room
temperature for 30 min, the weight loss was measured. Drip loss and cooking loss were expressed as percentages of the initial
weight of the muscle pieces before suspension and cooking, respectively. To determine the tenderness of porcine skeletal
muscles, muscle cores (1.0 cm in diameter) were obtained from the cooked samples by removing them parallel to the muscle
fiber orientation. The cores were sheared vertically using a Warner-Bratzler shear blade in a texture analyzer (TA1, Ametek,

Largo, FL, USA), and the shear force values (N/cm?) recorded.

Muscle fiber characteristics

To evaluate the muscle fiber characteristics of porcine skeletal muscles, the muscle fibers were stained using
immunohistochemistry according to Song et al. (2020), with slight modifications. Briefly, transverse sections (10 pm) were
collected from each muscle using a cryostat microtome (CM1520, Leica Biosystems, Wetzlar, Germany) at —20°C. The
sections were subjected to the following staining procedure: Blocking in 10% normal goat serum (Cell Signaling Technology,
Danvers, MA, USA); incubation with primary antibodies (BA-D5, SC-71, BF-35, and BF-F3, DSHB, Iowa City, IA, USA)
specific to myosin heavy chain (MHC) isoforms; and incubation with secondary anti-IgG and anti-IgM antibodies conjugated
with fluorescent dyes (Alexa Fluor 488, 505, and 594, Thermo Fisher Scientific, Waltham, MA, USA). The sections were

visualized using a fluorescence microscope (EVOS M5000, Thermo Fisher Scientific). Three different parts per section were
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captured, and approximately 600 muscle fibers identified. Muscle fibers were classified into six types according to the
distribution of MHC isoforms as follows: I, MHC I/slow; IIA, MHC 2a; IIAX, MHCs 2a and 2x; [IX, MHC 2x; IIXB, MHCs
2x and 2b; 1IB, MHC 2b. Muscle fiber characteristics, including the cross-sectional area (CSA; pm?), relative fiber area (%),
and fiber density (number/mm?), were analyzed using an Image Pro Plus Program (Media Cybernetics, Rockville, MD, USA).

Statistical analysis

For each muscle of the 14 types obtained from each pig carcass, samples were collected at 3 regions and each measurement
repeated three times per sample (technical repeats). The data are expressed as the average+SE for the pooled muscle
architecture groups. Data were analyzed using the SAS software (ver. 9.4, SAS Institute, Carry, NC, USA). Normal
distribution and equal variance of the data were verified using PROC UNIVARIATE. To compare proximate compositions,
meat quality properties, and muscle fiber characteristics between muscles within the same muscle subtypes, between muscle
structural subtypes within the same muscle architecture groups, and between parallel and pennate groups, the Student’s t-test
and a one-way ANOVA were performed. A post-hoc test between groups showing a significant difference was conducted
using Duncan’s multiple range test. Differences were considered statistically significant at p<0.05. To analyze the similarities
between the 14 types of porcine skeletal muscles, a hierarchical cluster analysis (HCA) was conducted. The Euclidean
distance and similarity index by meat quality properties were 0.20 (high similarity) to 1.36 (low similarity), and for muscle

fiber characteristics, it was found to be 0.14 (high similarity) to 1.32 (low similarity).

Results

Proximate composition and meat quality characteristics

The proximate composition, pH, meat color, water-holding capacity, and shear force of each muscle from the parallel types
are shown in Table 1. Among the subtypes of muscle architecture, the fan-shaped group consisted of only GR. For fusiform,
four types of muscles (PM, ST, SM, and VT) showed significant differences in moisture content, meat color, water-holding
capacity, and shear force (p<0.05). More specifically, ST showed a lower moisture content and higher lightness, cooking loss,
and shear force compared to PM and VT (p<0.05). However, the moisture content, lightness, yellowness, and shear force of
ST were not significantly different from those of SM. All measurements, except for yellowness and cooking loss, were not
significantly different between the PM and VT groups. In the strap group, significant differences were observed in pH,
redness, and shear force between IF and RA (p<0.05), while the other traits (e.g., proximate composition, lightness, redness,
and water-holding capacity) were not significantly different between the two muscle types.

As shown in Table 2, muscles grouped according to pennation (uni-, bi-, and multi-pennation) showed a significant
difference in pH within the same subtype of muscle architecture (p<0.05). The unipennate group showed significant
differences in most physicochemical properties (p<0.05), except for crude ash, lightness, and water-holding capacity. LD
muscle had higher moisture, crude protein, and shear force but lower fat content, pH, redness, and yellowness than DP
(p<0.05). In the bipennate group, BF had a lower moisture content, higher crude fat content, and higher yellowness than BB
and RF (p<0.05). A similar trend was observed for most physicochemical properties, except for lightness, redness, and
cooking loss, between BB and RF. SS and SDF, which are clustered as multipennate types, were not significantly different in
all physicochemical properties except for pH, drip loss, and shear force. The pH and shear force were higher, and the drip loss

lower, in SS compared to SDF (p<0.05).
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Table 1. Comparison of proximate composition and meat quality properties between porcine skeletal muscles within the same parallel

structural subtype

Fan-shaped Fusiform Strap
Measurements
GR (PE) PM ST SM VT (PE) pvalue IF RA (PE) p-value
Moisture (%) 74.69 (0.44) 74.83% 73.02° 73.75% 75.04* (1.34) * 72.81  69.36 (1.83)
Crude fat (%) 7.88 (1.01) 330 566 3.67 519 (2.05) 430 741 (1.55)
Crude ash (%) 1.98 (0.94) 2.04 2.07 218 291 (0.73) 1.60  0.88 (0.45)
Crude protein (%) 16.56 (1.30) 20.44 19.83 21.58 1898 (1.58) 21.11 2224 (0.75)
pH 6.00 (0.15) 560 581 558 580 (0.19) 561"  5.82° (0.09) *
Meat color CIE L* 4949 (1.17) 46.01> 52.46% 55.24* 4147° (6.60) ™ 51.22 5448 (3.97)
CIE a* 13.87 (1.37) 16.32% 14.96* 10.99* 15.06* (2.93) ** 16.49° 19.57* (2.03) '
CIE b* 539 (0.97) 898 881 735 649 (1.72) * 9.05 8.74 (0.54)
Drip loss (%) 0.50 (0.12) 1.22> 1.69°® 4.10° 1.04° (1.53) . 1.53 0.70 (0.41)
Cooking loss (%) 3343 (3.46) 22.93¢ 29.88* 27.30% 27.49" (4.42) ** 2442 29.19 (7.04)
Warner-Bratzler shear force (N/cm?) 20.37 (1.15) 27.52° 36.77*° 36.51* 26.80° (7.08) * 37.11*  17.49° (9.62) ™

Data are means and pooled SE (PE).

*¢ Significant differences (p<0.05) between muscle types within the same parallel structural subtype are indicated with different superscripts.

* p<0.05, ™ p<0.01, ™" p<0.001.

GR, M. gracilis; PM, M. psoas major; ST, M. semitendinosus; SM, M. semimembranosus; VT, M. vastus; IF, M. infrahyoid; RA, M. rectus abdominis.

Table 2. Comparison of proximate composition and meat quality properties between porcine skeletal muscles within the same

pennate structural subtype

Unipennate Bipennate Multipennate
Measurements
DP LD (PE) p-value BB BF RF (PE) p-value SS SDF (PE) p-value
Moisture (%) 65.39° 73.43* (3.61) " 76.34* 70.89° 77.17* (3.72) Y7591 74.82 (0.68)
Crude fat (%) 1499 2.77° (5.53) 1.17> 939 203> 3.77) 3.13 421 (0.67)
Crude ash (%) 2.18 1.87 (0.63) 141 195 1.51 (0.76) 1.06 196 (0.65)
Crude protein (%) 16.66° 23.54* (2.90) ™ 21.17 17.70 20.16 (3.10) 21.21 19.92 (0.69)
pH 5.81* 552 (0.13) ™ 5.99% 5.55° 5.79% (0.16) * 6.57° 6.11° (0.24) *
Meat color  CIE L* 56.05 55.42 (5.29) 42.13°50.89* 49.71* (3.99) " 42.89 4741 (4.75)
CIE a* 23.18* 7.95° (5.84) " 16.19* 14.81% 10.66° (2.96) " 1555 16.87 (3.39)
CIE b* 12.80* 587° (3.14) 6.26° 10.65* 5.77° (2.17) ™ 6.13 8.61 (2.95)
Drip loss (%) 1.00 4.05 (1.82) 0.35% 3.95* (.78 (1.70) * 0.49® 245 (0.92) *
Cooking loss (%) 29.94 27.53 (2.90) 7.80° 33.71% 28.53* (8.99) Y 20.04 36.57 (7.82)
Warner-Bratzler shear force (N/cm?) 17.15° 36.54* (10.32) Y 29.74 27.06 28.96 (8.15) 34.70* 20.88 (7.46) *

Data are means and pooled SE (PE).

ab Significant differences (p<0.05) between muscle types within the same pennate structural subtype are indicated by different superscripts.

* p<0.05, ** p<0.01, *** p<0.001.

DP, M. diaphragm; LD, M. longissimus dorsi; BB, M. biceps brachii; BF, M. biceps femoris; RF, M. rectus femoris; SS, M. subscapularis; SDF, M.

superficialis digital flexor.

The results of the comparison of physicochemical properties between subtypes within the same architecture, and between

parallel and pennate architectures, are shown in Table 3. The strap type had a lower moisture content and a higher redness
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Table 3. Comparison of proximate composition and meat quality properties between muscle architecture types

Parallel Pennate

Measurements
Fan-shaped Fusiform Strap =~ Mean (PE) Unipennate Bipennate Multipennate Mean (PE)
Moisture (%) 74.69° 73.94*  70.22° 7351 (1.90) 71.42° 74.982 75.26° 73.39 (3.78)
Crude fat (%) 7.882 4.43b 6.63®  5.09 (2.25) 582 4.39 3.78 4.93 (4.45)
Crude ash (%) 1.98 2.16 1.12 1.98 (0.81) 1.96 1.63 1.51 1.73 (0.71)
Crude protein (%) 16.56 20.57 21.67 20.39  (1.96) 22.16 19.80 20.56 21.01 (2.93)
pH 6.00* 5.69° 5.77® 573 (0.20)  5.60° 5.73b 6.292 5.78 (0.31)
CIE L* 49.49 50.98 52.44 51.15  (6.00) 55.52° 47.42> 44.59> 50.42 (6.62)
Meat color CIE a* 13.87° 13.90*  17.65*  14.60¢ (3.07) 10.49° 13.33% 16.05% 12.61Y (4.99)
CIE b* 5.39° 8.132 8.932 8.09* (1.72) 7.03 6.91 7.06 6.99Y (2.78)
Drip loss (%) 0.50 2.52 0.98 2.17 (1.53) 3.71 1.76 1.15 2.63 (1.99)
Cooking loss (%) 33.43 27.97 27.60 28.20 (4.98) 27.79 26.81 25.55 27.09 (3.48)

Warner-Bratzler shear force (N/cm?) 20.37 33.72 25.34 31.67 (11.30) 34.26 28.61 26.41 31.11 (7.43)

Data are means and pooled SE (PE).
Significant differences (p<0.05) between the subtypes (") within the same architecture and between parallel and pennate types (*¥) are indicated
with different superscripts, respectively.

than the fan-shaped and fusiform types (p<<0.05). The fan-shaped subtype had significantly higher crude fat and pH, but lower
yellowness, than the fusiform subtype (p<0.05). Of the pennate subtypes, the unipennate subtype had a lower moisture
content than the other pennate subtypes (p<0.05), but the highest lightness (p<0.05). The bipennate subtype did not show
significant differences in pH and redness with the unipennate subtype, and moisture content, lightness, and redness with the

multipennate subtype.

Muscle fiber characteristics

Muscle fiber types I, IIA, IAX, IIX, IIXB, and IIB were detected in most of the muscles, however, type I[IAX fibers were
not detected in ST, IF, DP, and LD. In addition, type IIB fibers were not distributed in the IF (Fig. 2; Tables 4 and 5). The
muscle fiber characteristics of the parallel type muscles are presented in Table 4. Here, PM had the largest fibers, regardless
of muscle fiber type, among the fusiform-shaped muscles. The mean CSA was higher in the PM muscle than in the ST, SM,
and VT muscles (p<0.001). Relative fiber area of type I was lowest in ST, while those of types IIA and I[IXB were lowest in
SM. In addition, SM comprised 51.0% of type IIB which was significantly higher than PM (10.7%) and VT (25.4%;
p<0.001). Regarding fiber density, significant differences among the fusiform-shaped muscles were observed regardless of
the muscle fiber type (p<0.05). Specifically, the fiber density of type I was the lowest in ST, while that of types IIAX, 11X,
and IIB was significantly lower in PM compared to the other types (p<0.05). The lowest type IIB fiber density was observed
in the SM muscle (p<0.05). Two strap-shaped muscles, IF and RA, showed significant differences in the CSA of types 1A,
IIXB, and the mean CSA value (p<0.05). Except for types IIAX and IIB, which were not detected in IF, all types of muscle
fibers were numerically larger in IF than in RA. For relative fiber area, only type IIA showed a significant difference between
IF and RA, which was higher in IF (p<0.001). However, fiber density did not show any significant differences between IF
and RA, regardless of muscle fiber type.

The muscle fiber characteristics of the pennate subtype are shown in Table 5. The CSA of type IIA was greater in DP than
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Parallel Pennate

M. diaphragm M. longissimus dorsi

Unipennate

M. itendi M. vastus

c i
=
2
[}
35
'S

Bipennate

Fan-shaped
Multipennate

Muscle fiber type: W | O A | IIAX WX HIXB MWIB Bar = 300 ym

Fig. 2. Transverse sections of porcine skeletal muscles stained using immunohistochemistry. Muscle fibers were classified into six types
according to the distribution of myosin heavy chain (MHC) isoforms: I, MHC I/slow; IIA, MHC 2a; 1IAX, MHCs 2a and 2x; IIX, MHC 2x; IIXB,
MHCs 2x and 2b; 1B, MHC 2b. Magnification was set to x100.

Table 4. Comparison of muscle fiber characteristics between porcine skeletal muscles within the same parallel structural subtype

Traits Muscle Fan-shaped Fusiform Strap
fibertype GR  (PE) PM ST SM VT  (PE) pvalue IF RA  (PE) p-value

Cross-sectional area I 4,095.2 (285.4) 4,049.5* 3,551.3% 2,756.6™ 1,994.5¢ (239.9) ***  4,403.5 3,802.6 (309.0)
(hm?) A 3,936.8 (224.3) 3,833.5% 3,096.0* 1,817.3" 1,576.8> (291.9) ™  3,981.1°2,837.5" (419.8) *

HAX 44622 (236.7) 33989 nd 1,857.1 1,7952 (304.6) nd 3,311.6 (317.4)

X 40429 (285.4) 3,885.9" 3,258.9% 2268.4" 2.8352%® (2332) **  4,042.3 3,761.0 (502.1)

[IXB  2,967.6 (295.7) 4,578.1° 3,245.7% 2,764.8> 2,750.4> (289.6) *  4,283.7°3,104.0" (416.2) *

1B 3,807.4 (233.2) 4,170.9° 2,736.1" 3,166.6® 2,747.3> (233.4) nd 29323 (313.6)

Mean  3,825.6 (247.7) 4,112.5* 3,184.8" 2,465.1% 2,328.2° (235.8) ™™  4,151.6*°3,381.1* (312.0) °*
Relative fiber area I 159 (1.2) 21.5% 3.0 153% 103 (9.9) * 494 494 (4.6)
() A 131 (1.7) 265 18.5% 58 175 (46) 3320 19.8° (3.4) ™

MAX 1.0 (0.7 20 nd 2.7 29 (13) nd 23 (14)

1: 506  (3.1) 145 268 229 213 (1.8) 94 181 (72)

IIXB 9.7 (0.8 244 197 23> 226° (8.1) ' 8.0 74 (52)

1B 9.7 (3.9 107> 32.0®  51.0° 254 (10.5) 7 nd 3.1 (22)
Fiber density I 389 (1.8 49.8° 83>  57.60  52.9* (259) 111.8 1352 (18.5)
(number/mm’) A 329 (27) 713> 59.7%  343¢  1132° (15.6) * 83.5 743 (10.8)

MAX 22 (1.5) 5.0° nd 1510 17.60 (5.4) : nd 6.9 (4.1)

1D: 1287 (13.7) 423° 829" 1023*  86.4% (25.0) ° 23.6 439 (15.6)

[IXB 331 (1.4) 5770 59.20 8.9  81.0° (234) ° 19.5 233 (14.6)

1B 26.1  (11.4) 242 116.5*  157.7* 1013 (33.3) ™ nd 94 (6.1

Total 2619 (16.3) 251.3° 326.6™ 375.8% 452.4* (42.9) 2383 2929 (23.8)

Data are means and pooled SE (PE).

*=¢ Significant differences (p<0.05) between muscle types within the same parallel structural subtype are indicated with different superscripts.
*p<0.05, ** p<0.01, ™ p<0.001.

GR, M. gracilis; PM, M. psoas major; ST, M. semitendinosus; SM, M. semimembranosus, VT, M. vastus; 1F, M. infrahyoid, RA, M. rectus
abdominis; nd, not detected.

881



Food Science of Animal Resources Vol. 42, No. 5, 2022

Table 5. Comparison of muscle fiber characteristics between porcine skeletal muscles within the same pennate structural subtype

et Muscle fiber Unipennate Bipennate Multipennate
type DP LD  (PE) p-value BB BF RF  (PE) p-value SS SDF (PE) p-value
Cross-sectional I 2,0622 1,937.1 (142.1) 2,668.5 3,039.5 2,302.3 (237.8) 3,150.2 3,329.0 (324.5)
area (um?)
A 1,653.9° 1,106.9° (146.9) ** 1,964.6 2,191.7 1,791.1 (198.3) 2,850.3 2,491.7 (229.8)
[IAX nd nd nd 1,801.7 1,285.7 1970.9 (202.5) 2,846.6 2,488.6 (170.1)
X 1,959.5 1,801.5 (116.6) 2,6254 2,898.2 2,517.5 (205.6) 3,518.5% 1,704.8" (638.0) °
IIXB 1,858.6 2,009.5 (109.0) 2,266.7 2,018.7 2,901.6 (262.0) 3,522.5% 2,190.00 (4652)  **
IIB 2,6092 1,718.5 (361.6) 2,6564 2,905.0 2,920.9 (157.4) 3,568.6° 2,354.8" (4122) **
Mean  1,9535 1,714.7 (124.0) 2,307.2 2,601.8 2,403.0 (161.9) 3,283.3% 2,480.1" (295.4)  **
Relative fiber I 4320 42 () 167 281 148  (4.2) 239 293 (9.1
area (%)
A 3300 11.2°  (5.4) ™ 205 141 210 (27) 186 231  (3.6)
IIAX nd nd nd 360 10 09 (0.7 : 1.3 20 (13)
X 1010 264 (5.6) ' 3240 1760 1120 (5.1) - 277 133 (9.3)
IIXB 8.1 159 (34 160 7.1 186  (42) 1.7 140 (3.8)
1B s 4220 (9.1) ™ 108 321 327 (64) 167 183  (9.6)
Fiber density I 21070 21.9°  (429) 565 920 636 (12.9) 738 80.8  (23.3)
(number/mm?)
A 200.7°  102.5° (26.8) 105.0°  65.9° 113.2¢ (12.4) : 660 936 (13.5)
AX nd nd nd 177 76 47 (3.6 48 80 (4.9
X 5180 15200 (32.)  ° 121.9° 659" 448"  (18.6) * 774 587 (29.8)
IIXB 435 790 (17.6) 658 291 657 (14.3) 348 602 (15.0)
1B 2320 2428 (51.1) 369 114.0° 112.3*  (21.5) * 467 720 (332)
Total 529.8 5982  (324) 4038 3746 4078 (21.1) 30344 3733 (30.8)

Data are means and pooled SE (PE).

ab Significant differences (p<0.05) between muscle types within the same pennate structural subtype are indicated by different superscripts.

" p<0.05, ™ p<0.01, ™" p<0.001.

DP, M. diaphragm; LD, M. longissimus dorsi; BB, M. biceps brachii; BF, M. biceps femoris; RF, M. rectus femoris; SS, M. subscapularis; SDF, M.
superficialis digital flexor; nd, not detected.

in LD (p<0.01). Other types did not show significant differences in CSA between DP and LD (p>0.05). The relative fiber area
and fiber density of types I, IIA, IIX, and IIB showed the same trend in DP and LD. For example, the relative fiber area and
fiber density of types I and IIA were higher in DP than in LD, whereas those of types IIX and IIB were lower in DP than in
LD (p<0.05). The muscles (BB, BF, and RF) grouped into the bipennate subtype were not significantly different in the CSA
of all types of muscle fibers. However, the relative fiber areas of types IIAX and IIX were significantly different between the
muscles (p<0.05) and were higher in BB than in BF and RF. Regarding fiber density, BB consisted of higher IIX fibers but
lower IIB fibers than BF and RF (p<0.05). The fiber density of type IIA was the lowest in the BF (p<0.05). For the
multipennate subtype, SS and SDF had different sizes of 11X, IIXB, and IIB fibers. In addition, these fibers were significantly
larger in SS than in SDF (p<0.05). Although there were no significant differences in the CSA of types I, IIA, and IIAX, the
mean CSA was higher in SS than in SDF (p<0.01). The relative fiber area did not show significant differences for any muscle
fiber type. Types IIA fiber density and the total number of fibers were higher in SDF than in SS (p<0.05), whereas there were

no significant differences in other types of muscle fibers.
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In the muscles with parallel architecture, the fan-shaped group had larger fibers of type IIA, IIAX, and IIB than the
fusiform group (p<0.05; Table 6). The strap group had smaller IIAX and IIB fibers than the fan-shaped group (p<0.05),
however, the CSA of the other types did not differ between the strap and fan-shaped groups (p>0.05). In addition, the fiber
size of the strap group was not significantly different from that of the fusiform group in all fiber types, except for type IIAX.
A similar trend was observed in the relative fiber area and fiber density between the parallel architecture subtypes.
Specifically, these two characteristics of type I were higher in the strap group, whereas those of type 11X were higher in the
fan-shaped group than in the other subtypes (p<0.05). However, the relative fiber area and fiber density of type IIB were
higher in the fusiform group than in the fan-shaped and strap groups (p<0.05). In the pennate architecture, the multipennate
group had larger fibers than the unipennate group, regardless of the fiber type (p<0.05). In addition, all types of fibers, except
for type IIB, were larger in the multipennate group than in the bipennate group (p<0.05). The unipennate group contained a

higher amount of ITA fibers, but a lower amount of IIX fibers, than the other subtype groups (p<0.05). The fiber density

Table 6. Comparison of muscle fiber characteristics between muscle architecture types

: Ninsdke Parallel Pennate

fraits fiber type Fan-shaped Fusiform  Strap Mean (PE) Unipennate Bipennate Multipennate Mean  (PE)

acri:‘;s?;lsr‘;‘?)ional I 40952 3,103.1 3,9413 34682% (233.7) 2,028.1¢  2,711.1° 3,209.8% 2,742.2Y (190.2)
A 3,936.8° 2,578.5" 3,101.4® 2.864.6* (274.3) 1,504.7°  2,004.7° 2,730.8" 2,165.8 (171.6)
IAX 446220 2227.1° 3311.6° 2,652.5 (308.7) nd  1,754.0° 2,703.4* 2,050.7 (173.8)
11X 40429 29944 38173 3339.1% (256.0) 1,906.9°  2,706.0° 2,913.9° 2,627.6" (245.8)
IIXB 2,967.6 34187 34972 3386.0° (263.5) 1,908.9°  2,372.1° 3,052.2° 2,548.1Y (223.3)
1B 3,897.4° 32483" 29323 32378 (221.4) 2,163.8°  2,856.2° 3221.8" 2,884.6 (194.1)
Mean 3,825.6° 3,056.3" 3,558.9® 3280.0° (216.0) 1,888.4°  2,448.4b 3,015.6° 2,534.5 (163.5)

Relative fiber I 15.9° 144>  494° 265  (4.9) 325 206 257 254 (42)

area (%)
A 13.1 16.8 229 186 (2.3) 27.0° 18.20 201 210 (2.3)
IAX 1.0 22 1.7 19 (0.7) nd 1.8 1.5 13 (0.5)
11X 506 204 161° 213 (3.9) 14.6° 20.8° 229 201 (4.0)
IIXB 9.7 16.3 7.5 128 (4.1) 10.2 13.3 125 123 (24)
1B 9.7 29.8 24 188 (5.3) 15.7 252 172 199 (4.9)

Fiber density I 389"  473Y 1298 749 (13.0) 159.2¢ 72.3° 7620 94.1 (16.6)

(number/mm?)
1A 329 675 764  67.8' (71.8) 173.9° 92.1b 75.2°  104.8* (13.7)
IAX 22 104 53 80 (27 nd 10.2 5.9 6.1 (2.5)
X 1287°  77.0°  392b 681 (12.5) 79.1 78.7 712 759 (14.9)
IIXB 33.1 47.6 24 379  (11.7) 532 51.5 432 487 (9.2)
1B 261 96.8 72 60.6  (16.6) 83.1 87.8 551 742 (19.3)
Total 2619 3469 2803 3174 (21.4) 5485 393.5b 326.7°  404.2% (26.4)

Data are means and pooled SE (PE).

Significant differences (p<0.05) between the subtypes (* ) within the same architecture and between parallel and pennate types (*¥) are indicated
with different superscripts, respectively.

nd, not detected.

883



Food Science of Animal Resources Vol. 42, No. 5, 2022

showed that more type I and IIA fibers were distributed in the unipennate group than in the bipennate and multipennate
groups (p<0.05). Moreover, the total number of fibers per unit area was highest in the unipennate group (p<0.05). When
comparing the muscle fiber characteristics between the parallel and pennate architectures, most types of fibers (I, IIA, 1IX,
and IIXB) were larger in the parallel than in the pennate architectures (p<0.05). However, no significant differences were
observed in the relative fiber areas of all fiber types between the parallel and pennate architectures. The fiber density of type

IIA and total fiber number were higher in the pennate than in the parallel structures (p<0.05).

Similarities of muscles

Based on the similarity of the physicochemical properties and muscle fiber characteristics, the muscles were clustered by
HCA (Fig. 3). The similarity in physicochemical properties between muscles was the highest (1.36) between BB and the other
muscles (MA1; Fig. 3A). Except for BB, two or more muscles were clustered by Euclidean distance between 0.20 and 1.36.

A) M. biceps brachii
M. rectus femoris
M. longissimus dorsi ME1 MC1
M. semimembranosus MDA
M. infrahyoid ME2 MB1

M. semitendinosus

M. subscapularis MC2

MA1

M. psoas major

M. diaphragm MC3

M. rectus abdominis

MB2

M. vastus

MC4

M. biceps femoris

M. superficialis digital flexor =T

M. gracilis

T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50

Average distance between clusters

(B) M. longissimus dorsi =

M. diaphragm
M. biceps brachii :’ﬂ
M. vastus

M. biceps femoris

FA1

FB2

M. subscapularis
FC2

FE1[»
FD1

M. rectus femoris

M. semimembranosus
M. supefrficialis digital flexor :’E
M. rectus abdominis FB3

M. semitendinosus

M. infrahyoid FCa
M. psoas major FB4
M. gracilis
T T T T T T 1
0.00 0.25 0.50 0.75 1.00 1.25 1.50

Average distance between clusters

Fig. 3. Dendrogram of porcine skeletal muscles from the hierarchical cluster analysis (HCA). (A) The Euclidean distance of HCA by meat
quality properties ranged from 0.20 (high similarity) to 1.36 (low similarity). (B) The Euclidean distance of HCA by muscle fiber
characteristics ranged from 0.08 (high similarity) to 1.40 (low similarity). MA1-ME3 and FA1-FE1 indicate the same groups within the
same Euclidean distance.
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Specifically, LD and SM were grouped with 0.20 of Euclidean distance (ME1). These muscles were further grouped with IF
and ST (ME2). These two groups showed similarities with RF and MC2 (SS and PM) and clustered into the same group
(MBI1). The other main group consisted of six muscles (e.g., DP, RA, VT, BF, SDF, and GR; MB2). Within the MB2 group,
the SDF and GR were linked (ME3) and further grouped with the BF (MD2). The MD2 group showed a similar Euclidean
distance to VT and was clustered into MB2 with DP and RA (MC3). The results of HCA by muscle fiber characteristics
showed a different trend from that of the physicochemical properties (Fig. 3B). Here, LD was grouped with DP (FB1), while
BB was grouped with VT (FC1). In addition, SS was linked to RF (FE1) and further grouped with SM (FD1). Moreover, BF
showed the same Euclidean distance as FD1 and was categorized into the same group with FC1 (FB2). Within the FA1 group,
FB1 and FB2 were grouped, which is distinguished from the FA2 group (consisting of SDF, RA, ST, IF, PM, and GR). Within
the FA2 group, SDF was linked to RA (FC3) and grouped with ST (FB3). The FB3 group was distinguished from the FB4
group by the presence of FC4 (IF and PM) and GR.

Discussion

Various studies have looked at the effect of muscle type on physicochemical properties and muscle fiber characteristics.
Bee et al. (2004) demonstrated that muscle fiber composition is different between LD, RF, and ST. Further, studies conducted
by Cheng et al. (2020) and Hwang et al. (2010) showed that PM had higher oxidative fibers (I and IIA) than other muscles
(LD, SM, or ST). In the present study, similar results were observed in the muscle fiber compositions of these muscles.
Specifically, the muscle fiber composition of PM was distinct from that of LD, RF, SM, and ST. It was expected for PM to be
different from LD and RF in muscle fiber characteristics due to its different morphological structures (parallel vs. pennate).
However, the low similarity in muscle fiber composition between PM, SM, and ST was unexpected since they are the same
subtype (fusiform). These results suggest that muscle fiber composition is determined by the intrinsic function of individual
muscles rather than by their architecture. Although muscle architecture is mainly associated with mechanical function
(Sutherland et al., 1980; Zajac, 1989), individual muscles are in different regions of the body and play different roles in
movement and force generation (Davies, 1981; Ward et al., 2009).

In addition to the muscle mechanical function, muscle fiber characteristics are influenced by the force performance
(resistance vs. endurance) and energy dependence (oxidative vs. glycolytic) of individual muscles (Farup et al., 2014; Lieber,
2002). In the present study, DP (76.2%), IF (82.6%), and RA (69.2%) comprised relatively higher amounts of oxidative fibers
(I and IIA) than the other muscles, ranging from 15.4% to 52.4%. Conversely, LD (84.5%), ST (78.5%), SM (76.2%), GR
(70.6%), VT (69.3%), and RF (62.5%) comprised over 60% of the glycolytic fibers (IIX, IIXB, and IIB). Except for the strap
and fusiform of parallel architecture, it seems that the muscle fiber compositions (relative area) of other subtypes of parallel
and pennate architectures, were not highly related to the morphological properties of the muscles.

In this study, pennate type muscles were mainly composed of smaller fibers than parallel type muscles. Moreover, the
unipennate group showed the smallest muscle fiber size compared to the bipennate and multipennate groups. Pennate-fibered
muscles have an advantage in force generation with the same size of muscle as parallel-fibered muscles because there are
more fibers in the pennate than in the parallel architectures (Maclntosh et al., 2006). In addition, the fiber density was higher
in the pennate architecture than in the parallel architecture. Therefore, these results indicate that muscle fiber size and density
are closely related to force generation and muscle fiber orientation.

Species, breed, sex, genotype, and muscle type are the main factors that influence muscle fiber characteristics concerning

meat quality (Cheng et al., 2020; Joo et al., 2013; Karlsson et al., 1999; Maltin et al., 1997; Monin and Ouali, 1992; Pette and
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Staron, 1990; Ryu and Kim, 2005; Waritthitham et al., 2010). In the present study, the strap muscles and DP, composed of a
large number of oxidative fibers, where relatively redder than the other muscles. Previously, it was reported that muscles
consisting of a high amount of oxidative fibers showed higher pH, redness, tenderness, and water-holding capacity than those
composed of large amounts of glycolytic fibers (Choi et al., 2007; Joo et al., 2013; Kim et al., 2010; Ryu and Kim, 2005).
However, the present study did not show consistencies in these meat quality traits, except for redness. The muscles with high
compositions of glycolytic fibers did not align with the results of previous studies. Accordingly, these results show similar
trends to those of muscle fiber characteristics, especially muscle fiber composition, suggesting that physicochemical
properties are not significantly affected by muscle architecture.

The HCA results supported the above suggestions that the similarities (Euclidean distances) were low between muscles
within the same subtype of both parallel and pennate architectures. That is, muscles with the same morphology have the same
type of force generation and mechanical properties. However, the specific role and function differ depending on the location,

intensity of exercise, and the type of force performance (resistance vs. endurance) (Totland and Kryyi, 1991).

Conclusion

Although muscle architecture is determined by mechanical and physiological functions, muscles with the same architecture
(morphological properties) do not have the same muscle fiber characteristics and physicochemical properties as porcine
skeletal muscles. The different trends in muscle fiber composition and meat quality properties were caused by the types of
muscles playing different roles in different positions, rather than by muscle architecture. In addition, these results indicate that
in meat industry, quality control is necessary by considering the physicochemical and histological characteristics of each

muscle regardless of the muscle architecture.

Conflicts of Interest

The authors declare no potential conflicts of interest.

Acknowledgements

This work was supported by Korea Institute of Planning and Evaluation for Technology in Food, Agriculture and Forestry
(IPET) through High Value-added Food Technology Development Program, funded by Ministry of Agriculture, Food and
Rural Affairs (MAFRA) (grant No. 321028-5).

Author Contributions

Conceptualization: Song S, Kim GD. Data curation: Song S, Kim GD. Formal analysis: Park J, Song S, Cheng H, Im C,
Jung EY. Methodology: Jung EY, Moon SS, Choi J, Hur SJ, Joo ST, Kim GD. Writing - original draft: Park J, Kim GD.
Writing - review & editing: Park J, Song S, Cheng H, Im C, Jung EY, Moon SS, Choi J, Hur SJ, Joo ST, Kim GD.

Ethics Approval

This article does not require IRB/IACUC approval because there are no human and animal participants.

886



Morphology and Muscle Fiber Characteristics of Porcine Skeletal Muscles

References

AOAC. 2000. Official methods of analysis of AOAC International. 18" ed. AOAC International, Washington, DC, USA. p
931.

Armstrong RB, Delp MD, Goljan EF, Laughlin MH. 1987. Distribution of blood flow in muscles of miniature swine during
exercise. ] Appl Physiol 62:1285-1298.

Bee G, Guex G, Herzog W. 2004. Free-range rearing of pigs during the winter: Adaptations in muscle fiber characteristics and
effects on adipose tissue composition and meat quality traits. J Anim Sci 82:1206-1218.

Cheng H, Song S, Jung EY, Jeong JY, Joo ST, Kim GD. 2020. Comparison of beef quality influenced by freeze-thawing
among different beef cuts having different muscle fiber characteristics. Meat Sci 169:108206.

Cheng H, Song S, Kim GD. 2021. Frozen/thawed meat quality associated with muscle fiber characteristics of porcine
longissimus thoracis et lumborum, psoas major, semimembranosus, and semitendinosus muscles. Sci Rep 11:13354.

Choi YM, Kim BC. 2009. Muscle fiber characteristics, myofibrillar protein isoforms, and meat quality. Livest Sci 122:105-
118.

Choi YM, Ryu YC, Kim BC. 2007. Influence of myosin heavy- and light chain isoforms on early postmortem glycolytic rate
and pork quality. Meat Sci 76:281-288.

Commission Internationale de I’Eclairagev [CIE]. 1977. CIE recommendations on uniform color spaces, color differences
equations, and metric color terms. Color Res Appl 2:5-6.

Davies AS. 1981. Quadrupedal mechanics: Anatomical principles of the musculoskeletal system. Massey University Press,
Palmerston North, New Zealand. pp 31-40.

Farup J, Serensen H, Kjolhede T. 2014. Similar changes in muscle fiber phenotype with differentiated consequences for rate
of force development: Endurance versus resistance training. Hum Mov Sci 34:109-119.

Folch J, Lees M, Sloane Stanley GH. 1957. A simple method for the isolation and purification of total lipides from animal
tissues. J Biol Chem 226:497-5009.

Guth L, Samaha FJ. 1969. Qualitative differences between actomyosin ATPase of slow and fast mammalian muscle. Exp
Neurol 25:138-152.

Honikel KO. 1987. How to measure the water-holding capacity of meat? Recommendation of standardized methods. In
Evaluation and control of meat quality in pigs. Tarrant PV, Eikelenboom G, Monin G (ed). Springer, Dordrecht,
Netherlands. pp 129-142.

Hwang YH, Kim GD, Jeong JY, Hur SJ, Joo ST. 2010. The relationship between muscle fiber characteristics and meat quality
traits of highly marbled Hanwoo (Korean native cattle) steers. Meat Sci 86:456-461.

Joo ST, Kim GD, Hwang YH, Ryu YC. 2013. Control of fresh meat quality through manipulation of muscle fiber
characteristics. Meat Sci 95:828-836.

Karlsson AH, Klont RE, Fernandez X. 1999. Skeletal muscle fibres as factors for pork quality. Livest Prod Sci 60:255-269.

Kim GD, Jeong JY, Hur SJ, Yang HS, Jeon JT, Joo ST. 2010. The relationship between meat color (CIE L* and a*),
myoglobin content, and their influence on muscle fiber characteristics and pork quality. Korean J Food Sci Anim Resour
30:626-633.

Kim GD, Overholt MF, Lowell JE, Harsh BN, Klehm BJ, Dilger AC, Boler DD. 2018. Evaluation of muscle fiber
characteristics based on muscle fiber volume in porcine longissimus muscle in relation to pork quality. Meat Muscle Biol
2:362-374.

887



Food Science of Animal Resources Vol. 42, No. 5, 2022

Kim GD, Yang HS, Jeong JY. 2016. Comparison of characteristics of myosin heavy chain-based fiber and meat quality
among four bovine skeletal muscles. Korean J Food Sci Anim Resour 36:819-828.

Klont RE, Brocks L, Eikelenboom G. 1998. Muscle fibre type and meat quality. Meat Sci 49:5219-S229.

Lieber RL. 2002. Skeletal muscle structure, function, and plasticity. Lippincott Williams & Wilkins, Philadelphia, PA, USA.
pp 35-41.

Lieber RL, Fridén J. 2000. Functional and clinical significance of skeletal muscle architecture. Muscle Nerve 23:1647-1666.

Maclntosh BR, Gardiner PF, McComas AlJ. 2006. Skeletal muscle: Form and function. 2" ed. Human Kinetics, Champaign,
IL, USA. pp 4-64.

Maltin CA, Warkup CC, Matthews KR, Grant CM, Porter AD, Delday MI. 1997. Pig muscle fibre characteristics as a source
of variation in eating quality. Meat Sci 47:237-248.

Monin G, Ouali A. 1992. Muscle differentiation and meat quality. In Developments in meat science. Lawrie R (ed). Elsevier
Applied Science, London, UK. pp 89-157.

Narici M. 1999. Human skeletal muscle architecture studied in vivo by non-invasive imaging techniques: Functional
significance and applications. J Electromyogr Kinesiol 9:97-103.

Ozawa S, Mitsuhashi T, Mitsumoto M, Matsumoto S, Itoh N, Itagaki K, Kohno Y, Dohgo T. 2000. The characteristics of
muscle fiber types of longissimus thoracis muscle and their influences on the quantity and quality of meat from Japanese
Black steers. Meat Sci 54:65-70.

Pette D, Staron RS. 1990. Cellular and molecular diversities of mammalian skeletal muscle fibers. Rev Physiol Biochem
Pharmacol 116:1-76.

Roy RR, Edgerton VR. 2009. Skeletal muscle architecture. In Encyclopedia of neuroscience. Hirokawa N, Binder MD,
Windhorst U (ed). Springer, Berlin, Germany. pp 272-324.

Ryu YC, Kim BC. 2005. The relationship between muscle fiber characteristics, postmortem metabolic rate, and meat quality
of pig longissimus dorsi muscle. Meat Sci 71:351-357.

Song S, Ahn CH, Kim GD. 2020. Muscle fiber typing in bovine and porcine skeletal muscles using immunofluorescence with
monoclonal antibodies specific to myosin heavy chain isoforms. Food Sci Anim Resour 40:132-144.

Sutherland DH, Cooper L, Daniel D. 1980. The role of the ankle plantar flexors in normal walking. J Bone Joint Surg 62:354-363.

Totland GK, Kryvi H. 1991. Distribution patterns of muscle fibre types in major muscles of the bull (Bos taurus). Anat
Embryol 184:441-450.

Ward SR, Eng CM, Smallwood LH, Lieber RL. 2009. Are current measurements of lower extremity muscle architecture
accurate? Clin Orthop Relat Res 467:1074-1082.

Waritthitham A, Lambertz C, Langholz HJ, Wicke M, Gauly M. 2010. Muscle fiber characteristics and their relationship to
water holding capacity of longissimus dorsi muscle in Brahman and Charolais crossbred bulls. Asian-Australas J] Anim
Sci 23:665-671.

Wilson PD. 2014. Reference module in biomedical sciences: Anatomy of muscle. 3™ ed. Elsevier, Amsterdam, Netherlands.
pp 823-824.

Woittiez RD, Huijing PA, Boom HBK, Rozendal RH. 1984. A three-dimensional muscle model: A quantified relation between
form and function of skeletal muscles. J Morphol 182:95-113.

Zajac FE. 1989. Muscle and tendon: Properties, models, scaling, and application to biomechanics and motor control. Crit Rev

Biomed Eng 17:359-411.

888



